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Summary 
It has always been of great interest that exposure to electromagnetic fields (EMF) can 
affect the health of human beings. Some studies have shown that EMF can lead to increased 
incidence of cancer, while others have demonstrated that EMF has also been used 
therapeutically for bone repair and tissue regeneration. In the past three decades, a lot of 
laboratory research on biological effects of EMF has been performed, indicating that exposure 
to low frequency EMF can alter cell proliferation and division, cell surface properties and 
membrane calcium fluxes etc. Many studies also show that exposure to low frequency EMF can 
alter neurite outgrowth in PC12 cell line or dorsal root ganglia cells. 
PC12 cells have served as a basic model for investigations on the influence of EMF on 
biological systems. However, the results are often mixed because of many variations in 
experiment conditions such as wave function (DC, AC and pulse), field intensity, frequency, 
pulse duty, field orientation, exposure duration and nerve growth factor (NGF) concentration 
etc. Therefore, a systematic investigation is needed. So far most previous studies focused on 
AC field, while the effects of pulsed and DC field remain to be established. For this purpose, I 
have carried out a series of comparison experiments, in which the PC12 cells were exposed to 
EMF generated by Helmholtz coils housed in one incubator as the exposure sample; while the 
control samples were placed in another identical incubator without coils. Each of the 
comparison experiments were repeated three times. Statistical analyses were performed using 
the Student t-test, in which difference were considered as significant for P < 0.05. 
    I primarily analyzed the percentage of neurite-bearing cells, average length of neurites and 
directivity of neurite outgrowth in PC12 cells. Through my studies, I have found that both 
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pulsed and DC fields had effects on neurite outgrowth in PC12 cells, but the effects of these 
two types of fields are exactly opposite. In addition, the influence of pulsed and DC EMF on 
neurite outgrowth is strongly dependent on the experiment conditions such as pulse duty, pulse 
frequency and field intensity. For example, for pulsed EMF, fields with only 10% pulse duty, 50 
and 70 Hz frequency, high (1.37 mT) and medium (0.19 mT) intensity level can significantly 
inhibit the percentage of neurite-bearing cells, promote the average neurite length and enhance 
the neurite directivity along the field direction. For DC fields, field with only high (1.37 mT) 
intensity can significantly promote the percentage of neurite-bearing cells and inhibit the 
average neurite length, while medium (0.19 mT) and low (0.016 mT) levels have no significant 
effect. The influence of pulsed and DC fields on neurite outgrowth was also associated with 
NGF concentration, that is to say, most significant differences were observed when NGF 
concentration was 30 ng/ml. 
In summary, my studies have shown that the neurite outgrowth in PC12 cells is very 
sensitive to EMF and this sensitivity is strongly dependent on the experiment conditions such 
as field parameters and NGF concentration. 
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Chapter 1. Electromagnetic fields and biological systems 
1.1 Parkinson’s disease, neural tissue and pulsed electromagnetic field 
    Parkinson's disease is a progressive disorder of the central nervous system affecting more 
than 4 million people all over the world. The disease is characterized by a decrease in 
spontaneous movements, gait difficulty, postural instability, rigidity and tremor1. Parkinson's 
disease is caused by the deficiency of dopamine, a nerve cell-secreted chemical which allows 
the nervous system to communicate with the body's muscles and translate thought into motion1. 
    Cotzias et al2 demonstrated that the amino acid L-DOPA taken by mouth can enter the 
brain and is converted into dopamine and finally the patients dramatically lose their rigidity and 
recover the ability to move normally. However, this dopamine replacement therapy was shown 
to lead to a decrease in drug effect and some unwanted motor side effects through time. 
Therefore, the limitations of pharmacotherapeutic treatments set the stage for an alternative 
method: neural tissue transplantation. The neural tissue, which may be grafted in the form of 
fragments of dissected tissue or as cell suspensions, has been shown to survive, integrate with 
the host brain, and provide some functional recovery by producing dopamine following brain 
injury in animal models of human neurodegenerative disorders such as Parkinson’s, 
Huntington’s and Alzheimer’s diseases3. During the past two decades, many types of neural 
tissue have been used in the animal models of Parkinson’s diseases, including adrenal tissue 
(adrenal chromaffin cells), fetal substanitia nigra, stem cells, peripheral nerve tissue and 
genetically engineered cells1. However, it is clear that no matter what type of tissue is utilized 
as a biomaterial, the motor deficits are only partially rectified. 
    In order to achieve better survival of the neural tissue within the brain and hence better 
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improvement of symptoms of Parkinson’s disease, two methods continue to be developed with 
use of neural tissue as a dopamine source. The first one is enhancing neural tissue survival by 
nerve growth factor (NGF)4 and the second one is pre-culturing cells (such as adrenal 
chromaffin cells) with differentiating factors such as electromagnetic fields5. In the second case, 
cells (neural tissue) differentiation is obtained by a noninvasive method: stimulation with 
extremely low frequency electromagnetic fields prior to transplantation. This second method 
used in neural tissue transplantation for Parkinson’s disease is of great interest because it 
demonstrates that biological systems can respond to electromagnetic fields. 
During the last three decades, intense efforts have been devoted to study how biological 
systems respond to electromagnetic fields. However, the results are usually contradictory, 
probably because of the diversification of biological systems and complicated parameters of 
electromagnetic fields. Therefore, finding a suitable experiment system seems to be very 
important. As an important type of biomaterial, the neural tissue (or cells), has becoming one of 
the attracting systems because of its well characterized biological property as well as its 
sensitivity to electromagnetic fields. 
    To date, a body of data on the interactions of electromagnetic fields with biological 
systems has been gathered which has profoundly changed our understanding of the biological 
function. Both positive and negative interactions have been reported. On one hand, 
electromagnetic fields have been shown to have the potential application in treatment of 
Parkinson’s disease1, 5, bone fracture reunion6, fastening dentures7, RF hyperthermia 
procedures8 and wound healing9. On the other hand, many epidemiological10-13 and laboratory14, 
15 studies have demonstrated a possible link between cancers (such as leukemias, lymphomas, 
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brain cancers and breast cancer) and electromagnetic fields. Therefore, clarifying the influence 
of electromagnetic fields on biological systems and the underlying mechanisms is necessary. 
How do electromagnetic fields interact with biological systems? Is the influence positive or 
negative? Are the electromagnetic fields truly effective for treatment of Parkinson’s disease? 
What are the mechanisms? To answer all these questions, a great deal of work regarding the 
interactions between the biological systems and the electromagnetic fields is needed to be done 
and then we are led to a new area termed as “biomagnetism”. 
1.2 Electromagnetic field in environment 
1.2.1 Fundamental theory of electromagnetic field 
 
Figure 1.1 Illustration of electromagnetic wave. 
Electromagnetic energy is generated through changes in the motion state of electrical 
charges. A change in state of motion will result in emission or absorption of energy. The 
wavelength of emitted or absorbed energy is inversely proportional to the magnitude of the 
energy change. An electromagnetic wave propagates in a direction which is oriented at right 
angle to the vibration directions of both the magnetic (B) and electric (E) oscillating field 
vectors, transporting energy from the radiation source to an undetermined final destination. The 
two oscillating energy fields are mutually perpendicular and vibrate in phase following the 
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mathematical form of a sine wave. Not only are the magnetic and electrical field vectors 
perpendicular to each other, but also they are perpendicular to the direction of wave 
propagation, as illustrated in Figure 1.1. 
 
Figure 1.2 Depiction of electromagnetic spectrum, showing the eight regions according to 
frequency distribution: gamma rays, X-rays, ultraviolet, visible light, infrared, microwave, 
radio frequency and extremely low frequency (ELF). 
The electromagnetic energy spectrum covers the wavelength from 10 Hz to 1021 Hz 
(Figure 1.2). The energy of the wave is determined by the frequency and the biological effects 
vary with the frequency. In order to indicate the variety of effects on biological systems clearly, 
the electromagnetic spectrum was divided into three different ranges according to frequency: 
the most energetic (ionizing radiation), an intermediate (communication) range and the weakest 
(power transmission frequency) range. Both communication and power transmission frequency 
range are non-ionizing radiations. 
Ionizing radiations, the most energetic waves which propagate at the highest frequencies, 
can disrupt chemical bond when they hit matter and are therefore termed “ionizing radiation”. It 
was found that Cosmic rays and X-rays (1018-1022 Hz) can damage cells, while at lower 
frequencies near the visible light, over-exposure to the ultraviolet (1016 Hz) waves in sunlight 
can damage the skin, and therefore people should take precautions to avoid over-exposure to 
these waves. 
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Communication waves with lower frequency are non-ionizing waves which have less 
energy compared to ionizing waves, but the microwaves (109-1012 Hz) used to cook foods could 
obviously damage our bodies without shielding. Some media has also caused people to suspect 
that mobile phone waves, which transmit at 109 Hz, may be dangerous and they can harm brain 
functions. However, no one clearly knows whether the waves in this frequency range are 
dangerous because very few studies on biological effects have been done in this frequency 
range. 
    In the range of power transmission frequencies (50 or 60 Hz in most countries), the 
consensus has always been that these low frequencies waves do not damage human bodies 
because of their low energy levels. However, intensity is also an important factor, because a 
large current can result in great damage in electrocution. On the other hand, the power 
transmission frequency range is very close to the frequencies of many natural processes in the 
body. This range includes the rates of biochemical reactions that involve charge transfers 
between molecules and also the rates of physiological processes that involve ionic currents. 
Some in vitro studies have shown changes in the activity of enzymes16 as well as stimulation of 
biosynthetic processes that involve DNA polymerase17 by using externally applied 
electromagnetic field of power transmission frequency. Therefore the mechanisms of these 
effects of electromagnetic field on biochemical and physiological processes are believed to be 
directly linked to the power transmission frequency range. 
1.2.2 Natural origin of electromagnetic fields 
Natural occurring static and time-varying electric and magnetic fields originate from the 
properties of the Earth’s core, electrical discharges in the atmosphere, and solar and lunar 
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influences on ion currents in the upper atmosphere. These are exogenous fields to which all 
living organisms are essentially always exposed. 
The static electric field results from the differing electric charges of the Earth’s surface 
(negative) and the upper atmosphere (positive). The intensity of this field is approximately 130 
V/m in fair weather at the Earth’s surface, which decreases to 45 V/m at an altitude of 1 km, 
and to less than 1 V/m at an altitude of 20 km18, 19. 
    The Earth’s static magnetic field (the geomagnetic field) originates from electric current 
flow in the Earth’s core. As we know, the earth is actually a magnet with magnetic poles very 
close to the geographic poles and it is created by massive current in the molten portion of its 
core. These currents induce an approximately 50 µT dipolar magnetic field which varies over 
the surface of the earth. The vertical component of this field is a maximum at the magnetic 
poles, with a flux density of about 70 µT, and is zero at the magnetic equator. The horizontal 
component of the geomagnetic field is maximum at the magnetic equator, with a flux density of 
about 30 µT, and is zero at the magnetic poles. The magnitude of this static field is too small to 
be detected by humans, although bacteria, birds, and migrating animals do take advantage of 
the Earth’s magnetic field for orientation and navigation. 
    The time-varying electric fields, which originates from thunderstorm activity and 
pulsations in the geomagnetic field that produce currents within the Earth (telluric fields), have 
small amplitudes and low frequencies (<30 Hz). However, the intensities of local fields in the 
vicinity of lightning strikes are usually very high and they can reach the order of thousands of 
volts per meter. The naturally occurring electric field in the atmosphere is only 0.1 mV/m at 
power transmission frequencies (50-60 Hz), and decreases rapidly at higher frequencies18. 
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    Large, intermittent time-varying magnetic fields in the atmosphere are produced by the 
intense thunderstorms and solar activity. They usually can reach levels up to 0.5 µT during 
magnetic storms20. The varying magnetic fields in daytime with flux densities of about 30 nT 
are generated as a result of solar and lunar influences on ion currents in the upper atmosphere. 
1.2.3 Man-made origin of electromagnetic fields 
Static electromagnetic fields 
    High-voltage, direct-current (DC) transmission lines are one of the main man-made 
sources of strong static electromagnetic fields. The magnitude of the static electric and 
magnetic fields measured at ground level under a 500-kV DC transmission line carrying a 2-kA 
current load are 21 kV/m and 22 µT, respectively. Ion charge densities measured at ground level 
beneath lines of this voltage have been found under typical ambient conditions to be on the 
order of 10 nC/m3. However, ozone levels are generally low, on the order of a few parts per 
billion. 
    Strong static magnetic fields are widely used in many areas including various energy 
systems, industrial processes and transportation. In the area of energy technologies, the fields of 
several large thermonuclear fusion reactors can reach the levels as high as 9-12 T for 
confinement of an ignited plasma, with fringe fields up to 50 mT in regions accessible to 
personnel21. Several types of superconducting magnetic energy storage systems, which involve 
fields on the order of 4-5 T, can expose personnel to fringe fields that reach levels as high as 0.7 
T22. Strong magnetic fields are also present in several industrial processes that use high static 
electric fields for chemical separations. For example, exposure of workers changing anodes on 
prebake cells in aluminum production plants as high as 57 mT for 10-20 min have been 
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measured21. In chloroalkli plants the workers are in the fields with levels up to 39 mT and the 
routine exposures fall in the range of 7-14 mT23. The magnetically levitated train is a new 
technique for high-speed transportation, however, the use of this new technique may become a 
source of potentially high public exposures to static magnetic fields21, 24. Field levels up to 50 
mT in the passenger compartment were calculated for various designs of magnetically levitated 
vehicles, and flux densities approaching this value were measured in experimental test 
vehicles24. 
Extremely low frequency (ELF) 
The power transmission frequency range from 0 Hz to 30 kHz is composed of three 
frequency bands: extremely low frequency (ELF) fields with frequencies below 300 Hz, voice 
frequency fields from 300 Hz to 3000 Hz and very low frequency fields from 3 kHz to 30 kHz. 
By far, the most common exposure to sub-RF fields in residential, occupational, and public 
settings is to ELF fields. The main sources of ELF to which human are exposed include electric 
power transmission and distribution lines, various appliances and machines used in the home 
and workplace and electric transportation systems18-20, 24. 
Electric power transmission lines carry 50 or 60 Hz current loads ranging from several 
hundred amperes to 2 kA with operating voltages about 700-800 kV. The electric and magnetic 
field profiles as a function of distance from the high-voltage conductors on transmission lines 
with various configurations have been extensively characterized25, 26. For three-phase lines 
operated at 765 kV and carrying a load current of 2 kA in USA, the maximum 60-Hz electric 
and magnetic fields at 1 m above the ground surface near the center of the right-of-way are 12.9 
kV/m and 33 µT, respectively. At locations that are close to residences, the voltage is stepped 
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down by transformer to level of 110-480 V and the electric and magnetic fields at ground level 
in the vicinity of distribution lines are less than 50 V/m and 2 µT, respectively. 
In addition to the power transmission and distribution lines, another two basic sources of 
exposure to 50-60 Hz fields in the home are: home wiring and household appliances. Electric 
fields arise wherever there is a voltage, regardless of any current in the conductor, and are 
strongly attenuated by buildings and other objects, including the human body. Magnetic fields, 
however, are directly proportional to the current flowing in the conductor and are very weakly 
attenuated by the objects they encounter. Moreover, magnetic fields decrease rapidly in 
magnitude with distance from the source and are generally undetectable at a distance of 1 
meter. 
    Household wiring is generally not a large source of ELF fields because the supply and 
return wires carrying current to domestic appliances are usually closely spaced and carry nearly 
equal currents in opposite directions27. However, the unbalanced currents that arise from the 
use of three-way switches and two or more circuit breaker panels within the home can result in 
measurable fields. 
Table 1.1 Sources and intensity levels of electromagnetic fields in residences. 
 Average intensity of 
electromagnetic field 
(uT) 
Distance from source (feet) 0.5 1.0 
Vacuum cleaner 75 20 
Hair drier 50 5.0 
Colour TV 10 2.0 
Fan 10 3.0 
Personal computer 10 0.1 
Washing machine 2.0 0.7 
Oven 1.0 0.4 
Iron 0.8 0.1 
Refrigerator 0.2 0 
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Probably the largest single source of human exposure in the home is from the ELF fields 
produced by many common household appliances and tools. As shown in Table 1.1, the fields 
near the surfaces of some appliances reach levels up to 75 µT (vacuum cleaner). These 
exposures, however, are usually of short duration (minutes per day), and the field levels are 
large only in regions of the body closest to the appliance28, 29.  
In addition to residential exposure, many professions involve occupational exposures to 
relatively high levels of ELF fields. These professions include electrical workers, operators of 
induction heaters, and motor operators in electrical railroad systems. 
Some studies30-35 have demonstrated that many classes of electrical occupations involve 
exposures to 50-60 Hz field levels that are significantly greater than those encountered in 
residences. In a Swedish study36, induction heaters operating at 50 Hz were found to generate 
magnetic fields with levels up to 6 mT at operator-accessible locations. The electro-steel 
production process that is commonly used in northern Europe also involves high exposures to 
workers; 50-Hz field levels near ladle furnaces can reach as high as 8 mT. 
A source of exposure for both workers and the general public that has attracted scientists’ 
attention during the past few years is urban electric transportation systems of which the 
operating frequencies in the USA, Europe and other locations worldwide are typically 16.67, 25, 
50 or 60 Hz. The intensity of these ELF fields reaches to 10 µT in some sections of the 
operator’s compartment. In the passenger compartments of various electrified rail systems, the 
maximum magnetic and electric field strength were 60 µT and 200 V/m respectively. 
Some other occupations also involve exposure to ELF fields. As demonstrated by Breysse 
et al.37, in a typical office, there are several pieces of equipments such as photocopiers and 
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microfilm readers produce local fields in excess of 1.0 µT. The range of ambient field levels 
observed by these investigators ranged from 0.1 uT to 0.65 µT, with a mean value of 0.32 µT. 
Within 0.5 feet from the personal computer and laser printer, the magnetic field usually reaches 
the level of 10 and 2.0 µT respectively. 
Radio frequency (RF) 
RF (30 KHz-300 GHz) fields are widely used in many areas including industrial processes, 
communication systems, radar, medicine and various domestic devices. However, the rate of 
output of RF research has decreased because ELF research has increasingly engaged the 
imagination and interest of the scientists. As a matter of fact, since mid 1980, man-made 
sources of RF continue to increase in the environment and so do public health concerns. 
The primary sources of RF fields in the environment include AM radio, FM radio and 
television signals. A survey of ambient RF field levels in 15 large cities in the USA showed that 
the median exposure level to ambient RF fields was 50 µT. For the small fraction of the 
population who lived near broadcast towers (less than 1%), the ambient RF power density 
exceeded 10 mT. 
    Another typical source of exposure to RF fields is mobile phones. When the mobile 
telephones are used with the transceiver antenna at a distance of only a few centimeters from 
the head, exposures occur in the reactive near-field zone, and the absorption of RF power is 
highly anisotropic38, 39. Calculation of the specific energy absorption rate (SAR) in units of 
watts per kilogram of tissue within detailed anatomic models of the head determined the 
recommended limits of human exposure that people should comply with. Measurements of the 
SAR in biomaterials have also been used for this purpose. These techniques40-42 demonstrated 
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that a mobile telephone operating at 800-900 MHz and emitting 7 W of power could introduce 
energy absorption into the head that exceeds the current SAR limits established by the IEEE. 
However, under normal conditions of operation involving less than 1 W of radiated power, the 
SAR limit would usually not be exceeded. 
Optical radiation 
Electromagnetic fields at frequencies above 3×1011 Hz are commonly referred to as optical 
radiation including IR, visible, and UV regions of the spectrum43. The primary man-made 
sources of optical radiation originate from lasers, electrical discharges in gases or vapors, and 
solid materials that are heated to a temperature at which they emit photons (incandescence). 
Various types of lasers emit monochromatic photons at high intensities and at specific 
frequencies across much of the optical radiation spectral region. The major types of lasers are 
the semiconductor lasers (lasers diodes), gas and vapour lasers, and liquid dye lasers which are 
widely used in industry and medicine. Various guidelines for the protection of humans from 
damage from laser light have been formulated44, 45. In the IR spectral region, the major 
concerns for human health relate to surface heating and burns. Serious damage can result from 
strong absorption of IR radiation by water and other constituents of superficial body tissues. In 
the visible and UV spectral regions, damage to living tissues is usually caused by both thermal 
and photochemical mechanisms43. The photochemical process varies strongly with wavelength 
and depends on the properties of specific molecular components of tissue. Of particular concern 
are visual and dermal interactions of visible and UV radiation from the sun46. Although the 
UV-B (wavelength 280-315 nm) and UV-C (100-280 nm) spectral bands account for only about 
2% of the total solar irradiance at the Earth’s surface47, exposure to these wavelengths can 
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cause severe corneal damage and skin erythema without adequate protective measures. 
In summary, the electromagnetic fields generated by transmission and distribution lines, 
electrical equipment and machines in homes and workplaces and electric transportation systems 
are many times higher than those occurring naturally, and their prevalence is a consequence of 
technological developments in the second half of the 20th century. For example, since 1940, U.S. 
per capita power generation has increased by a factor of 2048 and therefore, there has also been 
a dramatic increase in the exposure of the general population to EMF over that period of time. 
1.2.4 Safety standards for electromagnetic fields exposure 
    To avoid the potential negative influences of electromagnetic fields exposure on health, 
many agencies all over the world have promulgated their own safety standards and 
recommendations for the maximum exposure limits of human being to electromagnetic fields. 
For example, World Health Organization (WHO) established a limit of 10 kV/m for 50/60 Hz 
electric field exposure and in U.K. the exposure limit is also 10 kV/m; while U.S.S.R. proposed 
that the continuous exposure to 1 kV/m electric field (50/60Hz) should be avoided. National 
Accelerator Laboratory recommended that the occupational exposure limit to DC magnetic 
fields for employees is 0.01-0.5 T and the exposure duration should be less that one hour. The 
limit of Standford Linear Accelerator is 0.02 T for DC magnetic field exposure. The 
occupational exposure limit at radiofrequency range proposed by WHO is 1-10 W/m2, while 
American National Standards Institute recommended that the exposure limit at radiofrequency 
is 50 W/m2 in 1982. Since 1970s, the standards promulgated by different agencies and at 
different times are inconsistent, reflecting that further work is needed to establish a new safety 
standardization recognized by the world. Nevertheless, people should note that more and more 
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investigations have shown that the environmental electromagnetic fields at different intensity 
levels have negative effects on human beings and most of the intensity levels are far less than 
the levels of safety standards presented above. The detailed findings will be presented in the 
next section. 
1.3 Influence of electromagnetic fields on biological systems 
1.3.1 Negative influence 
Epidemiological studies 
During the past three decades, a large number of epidemiological studies on the effects of 
electromagnetic fields on human beings were conducted and many of these studies have shown 
the potential relationship between EMF exposure and cancer incidence. As early as 1966, two 
Russian scientist argued that exposure to electricity associated with work in a high-voltage 
power switchyard could cause neurological effect in workers49. Other scientists at that time 
thought that any effect from non-ionizing radiation would result from heating, which could not 
occur with exposures at low frequencies. This opinion was supported by the fact that no risks 
had been seen in biological experiments except under conditions that generally caused heating 
of tissue. However, transient changes in physiological function such as heart rate had been 
observed50. 
Residential exposure 
In 1970s, scientists in the United States began to suspect the possible damaging effects 
from extremely low frequency (ELF) electromagnetic fields. Wertheimer and Leeper51 
conducted the first epidemiologic study of the possible link between EMF exposure and cancer 
in children in Colorado and they concluded that children exposed to high levels of EMF had at 
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least two fold greater risk of developing leukemias or lymphomas than children exposed to 
lower levels. Exposure was classified by using a “wiring configuration” assessed from 
observations of electrical wiring and transformers in the vicinity of residences. As with 
childhood cancer, Wertheimer and Leeper found that cancer associated with high-current 
electrical wiring configurations near the patient’s residence52. They noted that such wiring can 
produce alternating fields at a level which may produce physiological effects. Several data 
patterns suggested that high-current electrical wiring configurations and caner may be causally 
linked and a dose-response relationship was found. The association appeared to have nothing to 
do with age, urbanicity, neighbourhood, or socioeconomic level. 
    Savitz11 designed a case-control study to assess the relation between residential exposure 
to EMF and the development of childhood cancer. Exposures was assessed by electric and 
magnetic field measurements under low and high power use conditions and wire configuration 
codes, a surrogate measure of long-term EMF levels. Measured magnetic fields under low 
power use conditions had a modest association with cancer incidence; a cutoff score of 2.0 µT 
resulted in an odds ratio of 1.4 for total cancers and somewhat larger odds ratios for leukemias, 
lymphomas and soft tissue sarcomas. 
    A Swedish case control study12 conducted on children who lived near power lines found 
that there was an increased risk of childhood leukemia at exposure levels of > 0.2 µT (odds 
ratio, O.R., 2.7) or > 0.3 µT  (O.R., 3.8). The study further concluded that there was no 
significantly increased risk at any of the exposure levels for lymphoma, central nervous system 
tumors, and all childhood cancers combined. Furthermore, although these authors gave careful 
consideration to the problems associated with such a survey, there are inconsistencies in the 
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results. For example, leukemia data were analyzed for one-family homes and apartments: for 
the latter there was no increased risk, even though the field level in apartment was significantly 
higher than in one-family homes. 
    A Danish case control study13 concluded that there was no significant association of 
calculated exposures (> 0.2 µT) with childhood cancers (O.R.1.5), but that fields > 0.4 µT 
showed an association with major childhood cancers. For leukemia, the case exposure ratio was 
3/829, the control exposure ratio 1/1659 (O.R. 6.0); for central nervous system tumors, the 
corresponding ratios were 2/623 and 1/1864 (O.R. 6.0), for malignant lymphoma 1/247 and 
1/1247 (O.R. 5.0). 
    In a Finnish cohort study53, no statistically significant increases in all cancers and in 
leukemia or lymphoma were found in children at any exposure level. However, a statistically 
significant excess of nervous system tumors was detected in boys exposed to 0.2 mT (five 
cases), but no such tumors occurred in girls similarly exposed. Finally they reached a 
conclusion that ‘‘residential magnetic fields of transmission power lines do not constitute a 
major public health problem regarding childhood cancer. The small numbers do not allow 
further conclusions about the risk of cancer in stronger magnetic fields’’. 
    To date, the most comprehensive study on residential exposure to EMF and childhood 
acute lymphoblastic leukemia (ALL) involved 629 children with leukemia, 619 controls, and 
the direct measurement of EMF at many locations in the current and former homes of the 
subjects54. Wire configuration code classifications were also assigned to 408 matched pairs of 
children. All EMF measurements and wire configuration code estimations were carried out 
blind with respect to the health status of the resident subject. This study found no association 
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between an increased risk for ALL and EMF intensity within the homes of the children, nor 
was there any increased risk with increasing wire configuration code. Moreover, there was no 
association between risk of ALL and EMF intensity or wire code in the residences occupied by 
the mothers who were pregnant in those cases analyzed. These data contrast with earlier 
studies51, but are consistent with others11, 55, 56  that have shown no significant increase in risk 
of ALL for children exposed to residential levels of EMF that exceed 0.2 uT. The study by 
Linet et al54 carries considerable weight not only because of the large number of subjects and 
the care taken to minimize bias in data acquisition, but also because field measurements were 
generally made within 2 years of diagnosis of leukemia, a much shorter interval than in most 
earlier surveys. 
Occupational exposure 
Many studies on the association between adult cancer and EMF exposure have used 
approaches similar to those of the childhood surveys summarized above and none of them has 
provided convincing evidence that exposure to above-ambient levels of EMF in the residences 
can promote the development of leukemias, lymphomas, or solid tumors57. However, several 
studies have been conducted to ask whether occupations with high EMF exposure may be 
associated with an increased incidence of brain cancers and leukemias. 
In a case-control study on the possible link between occupational exposure and breast 
cancer in men designed by Demers58, each subject reported the two longest-held occupations 
during his life and all the occupations were grouped into five categories, each with at least 
some putative EMF exposure. The men with no expected exposure formed the control category. 
After assigning each subject to an exposure category based on occupation, the number of cases 
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in each exposure category was compared to the number of controls respectively. There was an 
estimated 1.8-fold increased risk of breast cancer in the combination of five exposure 
categories compared to the control category and one of the exposure categories had a 6-fold 
increased risk of breast cancer. 
    Tynes and Andersen59 of the Cancer Registry of Norway reported on an occupational 
study that encompassed the entire nation. Standardized Incidence Ratios for breast cancer based 
on all working men in the 1960 census were calculated over the years 1961 to 1985. There were 
twice as many cases observed as were expected among men who were considered to held 
occupations with potential exposure to EMF. 
    Recently, several more detailed studies show broad agreement and indicate a marginally 
increased risk of brain cancer and/or leukemia. A joint France/Canada study of hydroelectric 
power workers30, 60 found a significant increase in acute myeloid leukemia (AML) and chronic 
nonlymphocytic leukemia (relative risk estimate for leukemia of 1.5 and for AML of 2.7), 
although there was no consistency among the results obtained from different utility companies 
and no correlation between risk and length of exposure. This study also revealed a 
non-significant increased risk of brain cancer in individuals who experienced the highest 10% 
of the exposure range. Similarly, a study of French electricity workers showed a non-significant 
increase in risk of brain cancers for those exposed to the highest 10% of electric fields, but no 
corresponding increase for leukemia61. Further studies on hydroelectric power workers in 
Ontario revealed a significant increase in leukemia with high exposure to EMF62. An American 
study of five major utilities63 showed a marginal increase in brain cancer mortality with 
cumulative exposure, but no increase for leukemia. A Swedish survey64 which estimated 
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exposures of individuals with leukemia or brain cancer showed an non-significant increase risk 
for chronic lymphocytic leukemia and a non-significant increase for brain cancer. Although 
some increases in these five studies were not statistically significant, every set of data reveals 
an increase in the number of individuals contracting brain cancer relative to the general 
population, and three of studies show statistically significant increases for leukemia. In a 
British study of correlations between occupations and cancer and between mortality and 
occupation, a similar slight increase in brain cancers and leukemias alone of 20 different 
cancers was revealed. This study was biased slightly toward recording occupations in electrical 
industries. Conversely, a cohort study on British electricity workers showed no significant 
increase in risk of mortality with exposure to high level EMF65. 
Laboratory studies 
In addition to the epidemiological studies summarized above, many laboratory 
investigations have been carried out, providing evidences that EMF can interact with biological 
systems directly. 
Kunz et al14 carried out a long-term radio frequency exposure with low density study on 
rats. They found that when all age categories (1-6 months, 7-23, 13-18,19-24, 25-30) for 
primary malignant lesions were considered, the estimate of the odds ratio was 4.27 and the 
Chi-square statistic was 7.66 (P = 0.006). When the first three age categories were combined, 
the estimate of the odds ratio was 4.38 and the Chi-square statistic was 7.9 (P = 0.005). When 
the first four age categories were combined, the estimate of the odds ratio was 4.47 and the 
Chi-square was 6.97 (P = 0.008). When age at death was ignored completely, the estimate of 
the odds ratio of the relative risk was 4.46 and the Chi-square was 8.00 (P = 0.005). Therefore 
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they found that the estimate of the odds ratio and the Chi-square statistic were both insensitive 
to the way the data were grouped with respect to age at death. A survival-type analysis also was 
done by using time of death as the endpoint if a primary malignant lesion were present. The 
log-rank statistic was 7.63 (P = 0.006). This latter analysis suggested that the primary tumors 
occurred earlier in the exposed group than in the control. Finally, they drew a conclusion that 
primary malignancies are somewhat more likely to be present in exposed animals than in the 
sham exposed animals. 
A research66 investigating EMF exposure and cancer was done on female rats and found 
that alternating low flux density EMF can promote tumor development. Mammary tumors were 
induced by the chemical carcinogen 7, 12-dimethylbenz (a) anthracene (DMBA). DMBA 
induced tumors in about 40% of the animals within 13 weeks since the first application of 
DMBA in controls while the exposed rats exhibited significantly more tumors than control 
animals eight weeks after the first application DMBA. This difference in the rate of tumor 
development was observed throughout the period of exposure. At the end of a three-month 
period of EMF exposure the tumor incidence in exposed rats was 50% higher than in control 
rats, a statistically significant difference. In addition, the size of the tumors was significantly 
larger in the exposed animals than those in control animals. 
Beniashvili15 et al found that low-frequency electromagnetic fields can result in an 
increased induction of mammary gland tumors in rats using nitrosomethyl urea. The increased 
tumor incidence depended on the duration of exposure to static (DC) and variable (AC) EMF, 
especially for alternative current (AC) EMF which could induce mammary gland cancer much 
more frequently than static ones. They also found that electromagnetic fields reduced the mean 
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latent period of tumor development. 
Experimental studies16 on cells in vitro have shown that cells exposed to 60-Hz fields 
demonstrated a doubling in the activity of the enzyme ornithine decarboxylase (ODC), and the 
same change in ODC activity was also observed when the cells were exposed to 50-Hz fields. 
Moreover, if the 50 and 60-Hz fields were alternated, each being on for a time period (called 
the coherence time), the same twofold increase in activity was obtained only if the coherence 
time was >10 s. If the time is less than 10 s, the increase in ODC activity vanished. Apparently 
a coherent signal at a given frequency, administered for longer than the coherence time, is 
needed before the effect will be translated by the biological system. In another experiment, 
ODC activity was also increased when cells were exposed 60-Hz signals. However, when 
low-frequency noise composed of EM waves (30-300 Hz) was added, the ODC activity 
decreased as the noise increased to the level of the signal67. Introducing noise when a signal is 
causing some changes in a cell can eliminate that signal and the level of the noise reflects the 
level of the signal that is causing the change. 
    The Na+, K+-ATPase membrane enzyme has been studied68, 69 as a model for influences of 
EMF on biological systems and this model has provided evidences of direct molecular level 
interactions with EMF. Low-frequency electric fields appeared to enhance binding of activating 
ions on the Na+, K+-ATPase surfaces, whereas low-frequency magnetic fields appeared to 
increase charge movements within the protein that coordinate the surfaces. The optimum 
frequency of magnetic field effects is very close to the turnover number of the enzyme, a 
condition suggesting that the magnetic field couples to charge movements during the chemical 
reaction. The frequency optimum for magnetic field effects on RNA polymerase70 is also close 
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to the reaction rate. These results suggest that one of the ways in which EMF interact with cells 
can be coupling directly to biochemical reactions. 
1.3.2 Positive influence 
    Both static and time-varying electromagnetic fields are extensively used in medical 
procedures. Several major uses of these fields include the facilitation of bone fracture reunion, 
fastening dentures and other prosthetic devices in the head region, blood flow measurements, 
RF hyperthermia procedures, magnetic resonance imaging (MRI) and wound healing and nerve 
regeneration. 
    For more than thirty years, EMF has been used widely in the treatment of nonunion bone 
fractures. By using a pair of coils placed around the limb with bone fracture, both sinusoidal 
EMF and pulsed EMF with low frequency have been used to inductively couple DC EMF into 
the region of the fracture. In 1971, a nonunion of a medical malleolus71 and, in 1972, a 
congenital pseudarthrosis of the tibia72 were healed with constant DC field. Shortly thereafter, 
the successful use of inductive coupling (DC field coupled by pulsed EMF) in treating ununited 
fractures was recorded6, and ten years later, capacitive coupling (DC field coupled by 
sinusoidal EMF) was first reported to heal nonunion fracture73. By 1982 more than 11000 cases 
of ununited fractures had been treated by in inductive coupling alone with a reported 75% heal 
rate74. Today, many nonunion fractures, especially recalcitrant nonunions that have failed bone 
graft surgery or are infected, are treated by inductive coupling, capacitive coupling, or 
implantable DC by orthopaedic surgeons throughout the world. 
    Small permanent magnets with surface fields as high as 0.5 T have been used in Singapore, 
Japan and other countries to fix dentures in place7, 75, and to secure various prosthetic devices 
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within the head and neck regions. Although the local EMF intensity decreases rapidly with 
distance from the surface of the magnet, small tissue regions are exposed continuously to static 
fields in excess of 0.1 T. 
    ELF magnetic fields can be used to measure the blood flow rates. During surgical 
procedures, a small cuff with both magnetic coil and pickup electrodes is placed around the 
blood vessel perimeter, and magnetically induced voltage that is proportional to blood flow rate 
can be detected. With this technique, blood flow rates in major vessels such as the portal vein 
and coronary artery can be measured with a precision of 1-2% for prolonged periods76. 
    A technique of RF-induced hyperthermia is used clinically to treat tumors8, 77, 78. This 
technique involves various devices which apply the RF field either external to the body for 
heating superficial tumors or inside the body for interstitial hyperthermia. Although large RF 
fields are applied locally to the patient, the field levels at the location of medical personnel are 
generally quite small unless there is excessive leakage of RF fields from the applicator, the 
generator or the connecting cables79. 
    The most widely used medical procedure that involves exposure of both patients and 
medical personnel to EMF is the magnetic resonance imaging (MRI) technique80, 81. This 
technique involves the combined use of static magnetic fields with flux densities up to 2 T for 
alignment of magnetic nuclei, RF fields with frequencies up to 100 MHz to selectively excite 
resonant transitions in these nuclei, and magnetic field gradients (1-2 mT/m) to define the tissue 
location of the magnetic resonance signals82. The gradient fields are switched systematically 
across the tissue volume of interest at frequencies in the range from ELF to tens of kilohertz in 
order to generate the complete magnetic resonance image. During MRI procedure, although the 
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patients are exposed to a variety of EMF at relatively high intensities, surveys have shown that 
the exposure level near MRI devices where medical personnel are located is low. For example, 
recent measurements on a 1.5 T MRI system showed the static magnetic fields to be 1.5 mT 
and the time-varying gradient magnetic fields to be 0.1 µT at the operator’s console83. 
Occasional use of EMF for healing soft-tissue (wound and nerve) injuries has been 
reported9, 84, 85.  After injury the healing response involves many cellular species that play 
specific roles. To inhibit blood loss, a clot forms and the wound is subsequently debrided by 
inflammatory cell activity, especially by lymphocytes86. This initial phase is followed by 
macrophage invasion, fibroblast proliferation for scar tissue formation, and subsequent 
development of new vascular loops to provide a blood supply to the regenerating tissue. This 
process of revascularization originates from preexisting capillaries; the capillary endothelial 
cells first proliferate and then migrate into the wound site. Yen-Patton87 investigated the 
influence of EMF on the initial phases of capillary and his experiments showed enhanced 
growth of endothelial cells that formed small capillaries in culture when the dish was exposed 
to 15-Hz pulsed EMF. Many investigators88-90 have documented the increase in fibroblast 
proliferation when cultures were exposed to different EMF signals. Some of the first studies on 
the EMF effects on nerve regeneration used animal models with transection injuries. Wilson 
and Jagadeesh91 reported their preliminary work on sciatic nerve with Diapulse (27 MHz, 5-120 
mW/cm2) to enhance regeneration. Conduction velocity of nerve was restored after 1 month. A 
more extensive study using Diapulse was conducted by Raji and Bowden92 on the transected 
common peroneal nerve in rats. The rats were treated for 15 minutes every day for periods up 
to 2 months. Although body temperature increased transiently during the treatment periods, 
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significant acceleration of nerve regeneration was obtained, along with an increase in size of 
intraneural blood vessels. 
1.4 The aim and scope of this study 
Since more and more electrical appliance and equipments are been used in our society, it is 
of great interest to study the effects of EMF effects on living systems. Both the epidemiological 
and laboratory studies have revealed the potential interaction between the external EMF and 
living systems, as discussed early. For laboratory studies, recently, convincing evidence from a 
large number of laboratories indicates that exposure to low frequency electromagnetic fields 
can produce biological responses. Electromagnetic fields can alter cell proliferation93, 94 and 
division95, cell surface properties96 and membrane calcium fluxes97. Some in vitro studies also 
show that exposure of PC12 cells to 50-Hz electromagnetic fields can alter neurite outgrowth98, 
99. 
PC12 cells have served as a basic model for world-wide in vitro investigations of 
electromagnetic field influence on biological systems since Greene and Tishchler100 first 
established the PC12 cell line from a rat adrenal pheochromocytoma. This well-established 
neurite outgrowth assay system101 is currently used to evaluate neurotransmitter production and 
second messenger signaling processes and subsequent genomic events, particularly those 
induced by nerve growth factor stimulation. The simplicity of this isolated, single cell system is 
of considerable advantage to scientists who are studying the biological effects of EMF. 
The PC12 cell line or its subline have been previously shown to be differentially 
responsive to AC electromagnetic field98, 102, 103. In these studies, researchers found that 50-Hz 
AC magnetic fields with intensity of less than 0.04 mT (0.4 Gauss) can inhibit neurite 
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outgrowth induced by nerve growth factor (NGF) and further, various frequencies between 15 
and 70 Hz cause different AC flux-density-dependent effects. They also found that the effective 
variable is the AC magnetic fields, not the AC electric field or the induced current in the 
medium. Some investigators104-109 have proposed several models in explaining the interaction 
between the extrinsic EMF and the biological systems. All the models tried to explain the 
biophysical mechanisms on the basis of how the electron spins or the vibrating and moving 
state of the particles (free radicals or ions) present in the biological systems were influenced by 
the extrinsic EMF, therefore resulting in the alterations in the functions performed by these 
particles in the chemical reactions in living systems. The models and biophysical interaction 
mechanisms will be discussed in more details in the last chapter. 
Some studies by Mcfarlane et al.99 showed that effects of EMF on PC12 cells are 
determined by the EMF parameters and by factors that alter cell physiology. Exposure to AC 
50-Hz fields with low intensity (4.35-8.25 µT) for one day during cell differentiation alters 
neurite outgrowth in PC12 cells while slightly higher fields (8.25-15.8 µT) do not. The serum 
content in medium is also an important factor. Neurite outgrowth is inhibited when the cells are 
cultured in weakly differentiating conditions (15% serum) when exposure to the EMF and 
stimulated when the cells are cultured in strongly differentiating conditions (1.5% serum) 
during the exposure. 
A study by Takastuki 110 found that ELF with relatively low intensity (33.3 µT in vertical 
and 60 Hz frequency) stimulated neurite outgrowth in PC12D cells (a subline of PC12) induced 
by forskolin which is extracted from the rhizome of the plant Coleus forskolin. On the other 
hand, Shah et al.111 found that NGF-induced neurite outgrowth in PC6 cells (a subline of PC12) 
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was significantly depressed by pulsed EMF (2 Hz) with intensity of 0.3 mT. 
In addition to PC12 cells, the dorsal root ganglia (DRG) cells from chick embryo are 
frequently used to study the biological effects of EMF on neurite outgrowth.  Studies by 
Greenebaum et al.112 have demonstrated that a combination of NGF and 4.0 mT-peak pulsed 
magnetic fields induced significantly greater outgrowth than NGF alone, and the fields without 
NGF do not significantly alter outgrowth, and that, unlike NGF alone, 4.0 mT fields and NGF 
can induce asymmetric neurite outgrowth. Studies by Macias et al.113 showed that the neurite 
length of NGF-treated DRG cells exposed to pulsed EMF with intensity of 0.005 mT was 
inhibited. In addition, the DRG cells exhibited asymmetrical neurite growth parallel to the 
current direction. The results of Longo et al.114 have confirmed that pulsed EMF of 0.3 mT can 
affect NGF activity and levels, and raise the possibility that pulsed EMF might promote nerve 
regeneration by amplifying the early post-injury decline in NGF activity in rat DRG cells.   
A large number of investigations have been conducted to try to establish the critical 
exposure variables that influence neurite outgrowth in PC12 cells, but the results are mixed, 
because of variations in electromagnetic experiment conditions99, e.g. wave function (DC, AC 
and pulse), field intensity, frequency, pulse duty, orientation of field; exposure duration and 
nerve growth factor (NGF) concentration, etc. To date, most of the previous work dealt with 
electromagnetic field intensity, frequency, orientation and focused on AC fields. The influence 
of DC and pulsed electromagnetic field on biological systems remains to be established. Hence 
my work aims to investigate the influence of the DC and pulsed electromagnetic fields on 
neurite outgrowth in PC12 cells and whether the influence is affected by the parameters such as 
field intensity, pulse duty, pulse frequency and NGF concentration. In addition, the field 
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intensities in most previous studies on PC12 cells were very low (less than 0.05 mT or 0.5 
Gauss, 1Gauss = 10-4 Tesla). In order to find out whether fields at a significantly higher 
intensity level can affect neurite outgrowth in PC12 cells, I chose to use 1.36 mT as the highest 

























Chapter 2. Experimental technique and procedures 
2.1 Electromagnetic field system 
2.1.1 R-L Circuit — a source of electromagnetic fields 
The R-L circuit, which includes both a resistor and an inductor, is a source of EMF (Figure 
2.1). The inductor L helps to prevent rapid changes in current, which can be useful if a steady 
current is required but the external source has a fluctuating ε (ε is defined as voltage of source). 
The resistor R may be a separate circuit element, or it may be the resistance of the inductor 
windings; every real-life inductor such as coil has some resistance unless it is made of 
superconducting wire. By closing switch S1, the R-L combination was connected to a source 
with constant ε (We assume that the source has negligible internal resistance, so the terminal 
voltage is equal to ε). Suppose both switches are open to begin with and then at some initial 
time 0t = we close switch S1. The current cannot change suddenly from zero to some final 
value because of the inductor. Instead the current begins to increase at a rate that depends only 





Figure 2.1 R-L circuit. 
     Let i be the current at some time t after switch S1 is closed and let di/dt be the rate of 
current change at that time. The potential difference Vab across the resistor R at that time is 
abV iR=  
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If the current in the direction from a to b is increasing, both Vab and Vbc are positive; a is at a 
higher potential than b, which in turn is at a higher potential than c. We apply Kirchhlff’s loop 




ε − − =                         (2.1) 
Solving this for di/dt, the rate of increase of current is 
                                
di iR R i
dt L L L
ε ε−= = −                     (2.2) 
    At the instant that switch S1 is first closed, 0i =  and the potential drop across R is zero. 




ε  =    
The greater the inductance L, the more slowly the current grows. 
    As the current increases, the term ( )/R L i  in Equation 2.2 also increases, but the rate of 
increase of current decreases. When the current reaches its final steady-state value I0, its rate of 









That is, the final current I0 does not depend on the inductance L and it is the same as it would 
be if the resistance R alone were connected to the source. 







Figure 2.2 Graph of current i versus time t for growth of current in an R-L circuit. The final 
current is 0 /I Rε= ; after one time constant the current is 1-1/e. 
    Figure 2.2 shows the behaviour of the current in the dependence of time. To derive the 
equation for this curve, the Equation 2.2 is rearranged to the form 
( )/
di R dt
i R Lε = −−  
Then we integrate both sides of this equation, renaming the integration variables i' and t' so that 












  = −  
 
Now take exponentials of both sides and solve for i and the final result is  
                           ( )( )/1 R L ti eRε −= −   (current in an R-L circuit)       (2.3) 
This is the equation of the curve in Figure 2.2. Taking the derivative of Equation 2.3, we get 
                               ( )/R L tdi e
dt L
ε −=                             (2.4) 
It is clear to see that at time 0t = , 0i =  and / /di dt Lε= . As t →∞ , /i Rε→  and 
/ 0di dt → . 
    As Figure 2.2 shows, the current i first rises rapidly, then increases more slowly and 
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has risen to ( )1 1/ e−  or about 63% of its final value. The value /L R  is therefore considered 
as a measure of how quickly the current increases to its final value. This value is termed as the 
time constant for the circuit, and denoted by τ: 
                           
L
R
τ =   (time constant for a R-L circuit)          (2.5) 
In a time equal to 2τ and 5τ, the current rises to 86% and 99.3% of its final value, respectively. 
    The graphs of i versus t have the same general shape for all values of L. For a given value 
of R, the time constant τ is greater for greater values of L. When L is small, the current rises 
rapidly to its final value; when L is large, it rises more slowly. For example, if 100R = Ω  and 





τ = = =Ω  






Figure 2.3 Graph of current i versus time t for decay of current in an R-L circuit. I0 is the final 
steady-state value of current and τ is time constant. 
Now suppose switch S1 has been closed for a while and that the current has increased to 
the final value I0. Redefining the initial time, switch S2 is closed and switch S1 is opened at time 
0t = . The current through R and L does not instantaneously decrease to zero but decays 
smoothly, as shown in Figure 2.3. The final equation of this curve is 









   33
where I0 is the initial current at time 0t = . The time constant, /L Rτ = , is the time for 
current to decrease to 1/ e or about 37% of its original value. In a time 2τ and 5τ it has dropped 
to 13.5% and 0.67% of its original value, respectively. 
2.1.2 Generation of pulsed current and electromagnetic fields 
    The real-life coil connected to a function generator can be considered as an R-L circuit. As 
discussed above, when the generator is on and a potential is applied across the coil, it usually 
takes a short of time (5τ) for the current to builds toward its final value (99.3% of maximum 
value); when the generator is off, it usually takes the equal time for the current to decay to zero 
(0.67% of maximum value). This short of time 5τ is determined by the design of coil (Equation 
2.5). Let’s consider when a stable potential is applied across the coil for a long time, in this case, 
a direct current (DC) will be induced; when output potential disappears, the current will 






Figure 2.4 Graph of current i versus time t for a potential applied across the coil for a time 
much longer than 5τ and a stable current is induced in the coil. 
Suppose a potential such as pulse signal is applied across the coil for a very short duration 
(5τ < t < 0.02 s or frequency > 50 Hz), a saw tooth current will be generated through the coil as 
shown in Figure 2.5. The solid lines denote the potential applied across the coil and the dot 

















Figure 2.5 Potential applied on the coil for a very short duration (5τ < t < 0.02) and the saw 
tooth current induced in the coil. 
During t1 (t1 = 5τ) the current increases to maximum value (I0); then the current maintains 
stable during a very short of time t2; finally the current decreases to zero during t3 (t3 = 5τ). It is 
noted that at the initial time, the current is zero, but the rate of change of current (di/dt) is very 
high. Hence the initial potential across the coil is very large since the potential is in direct 
proportion to di/dt. Then the potential decreases to the final value (Vcoil  = I0R) as the current 




 −   = −   
 




diV L I R I R e
dt
 −  = + = +  
During t2, the current and potential across the coil are 
0i I=  
0coilV I R=  
During t3, since the generator is off and output potential disappears, the current decays to zero, 




 −  =  





diV L I R
dt
 −  = = −  
During t4, because of no output potential, the current and potential across coil are all zero. 
Therefore it is easy to calculate the current and potential at any instant time as long as the 
resistance R, inductance L and output potential ε are given. 
 
Figure 2.6 Waveform of pulse potential, electric current induced in coils and the definition of 
pulse duty. This rectangular positive pulse potential repeating at frequency of 50 Hz was 
generated by a function generator and monitored by an oscilloscope. The saw tooth shape of 
electric current resulted from the inductance of coils. The time of one cycle is T1 + T2 (0.02 s or 
50 Hz). For 10% duty, the rise and fall time: T1 = 2 ms (10% of one cycle); for 80% duty, the 
on time T1 = 16 ms (2 ms rise time + 14 ms steady time) and the fall time is 2 ms, for 100% 
duty, the potential is always on a steady level. 
A parameter “pulse duty” should be emphasized because our studies have found that the 
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biological systems are very sensitive to the pulse duty of pulsed EMF. By definition, the pulse 
duty is referred to the percentage of the time during which the potential is on in one cycle 
Figure 2.6 demonstrates the waveform of pulse signal with 10%, 80% and 100% pulse duty, 
respectively. It should be noted that 100% duty represents the DC (direct current) condition 
which could be considered as a special case of pulse. In Figure 2.6, T1 denotes the potential 
duration in one cycle. 
Figure 2.7a and 2.7b demonstrate the waveform of potential across the coil with 5%, 10% 
and 80% pulse duty, respectively. The waveforms were monitored by oscilloscope (HITACHI 
V-225). Because of the inductance of coil, the current rises to the maximum after a significant 
delay since the output potential is on. If the duration of output potential in one cycle is very low 
(5% duty) or even less than the 5τ of the coil, the current will begin to decrease before reaching 
to the maximum value (the potential across the coil can not reach to its final value, as shown in 
Figure 7a). Therefore in order to make the current to saturate, the duration of output potential 
(or pulse duty) should not be less than 5τ. 
 
Figure 2.7 (a) waveform of potential across the coil with 5% pulse duty (b) waveform of 
potential across the coil with 10% pulse duty (c) waveform of potential across the coil with 
80% pulse duty. 
    When a current passes through the coil, an EMF is created simultaneously and the 
waveform of EMF is the same as the current. There are many kinds of coil systems which have 
been widely used in the world and different coil system can generate different kind of EMF. 
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Several typical coil systems include: Helmholtz coils, rectangular coil, Tesla coil and toroidal 
solenoid. In our experiments, Helmholtz coils were used. 
2.1.3 Helmholtz coil system 
The Helmholtz coil system is actually a pair of identical coils with equal number of turns. 
The coils are short, thin-walled rings, and are mounted coaxially at a distance of one coil radius 
from each other (Figure 2.8). When the coils are connected (preferably in series) and current 
passes through them, a highly uniform EMF is produced in a considerable volume of space 
between the two coils. At the center, the first three derivatives of field intensity with position all 
go to zero in every direction. It is this property, plus the fact that the region of uniform field is 
accessible from almost every direction, which gives the Helmholtz coil system its special 
usefulness. 
 
Figure 2.8 Helmholtz coil pair: two identical coils mounted coaxially at a distance of one coil 
radius from each other. 
Figure 2.9 shows the spatial EMF intensity distribution’s dependence on the distance 
between two identical coils in the Helmholtz arrangement. O1O2 denotes the distance between 
the two coils; the radius of each coil is R. When O1O2 > R, the EMF intensity has a minimum 
value at the centre point O (Figure 2.9a); and when O1O2 < R, the EMF intensity has a 
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maximum value at the centre point O (Figure 2.9b); when a = R, the field is virtually uniform 
in the range between O1 and O2 (Figure 2.9c). The EMF intensity is 














Figure 2.9 Spatial EMF intensity distribution in the dependence of the distance (O1O2) between 
two identical coils in the Helmholtz arrangement (a) O1O2 > R (b) O1O2 =R (c) O1O2 < R (R 
denotes the radius of coil). 
2.2 PC12 cells 
The PC12 rat pheochromocytoma cell line was first established in 1976 from a 
transplantable rat adrenal pheochromocytoma100. The original tumor appeared in a male New 
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PC12 cell line and the reasons for the widespread experimental use of it have been previously 
reviewed115-117 
    PC12 cells manifest many of the phenotypical features of pheochromocytoma cells and 
nonneoplastic counterparts, adrenal chromaffin cells. For example, they can synthesize, store, 
release and take up considerable levels of catecholamines118. Therefore, they have served as a 
basic model for investigating the molecular mechanisms underlying each of these events. The 
PC12 cell line also exhibits many properties of sympathicoblasts, the cells which give rise to 
postmitotic sympathetic neurons. Of particular importance, PC12 cells can respond to nerve 
growth factor (NGF). In the presence of NGF, PC12 cells undergo a dramatic change in 
phenotype wherein they acquire many of the characteristics associated with sympathetic 
neurons. Among the robust responses to NGF are cessation of proliferation, generation of long 
neurites, the appearance of electrical excitability, hypertrophy and a number of changes in 
composition associated with acquisition of a neuronal phenotype. These features have caused a 
great number of studies which were dedicated to unraveling the mechanism of action of NGF 
and to uncovering the mechanisms by which the neuroblasts differentiate into mature, 
postmitotic neurons119, 120. Furthermore, it was found that NGF may serve as a survival factor 
for PC12 cells in serum-free medium121 and hence this cell line has also been widely used to 
study the mechanism for the promotion and prevention of neuronal apoptotic cell death122, 123. 
    The last 25 years have seen a widespread utility of PC12 cell line to approach a number of 
problems related to neuronal cell differentiation and function. Of particular importance, the 
PC12 cells have been previously shown to be differentially responsive to electromagnetic fields, 
in other words, the neurite outgrowth in PC12 cells was affected by the external static or/and 
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alternating electromagnetic fields98, 102. PC12 cell line is generally considered as a neurite 
outgrowth assay system because of its relative stability, homogeneity, high degree of 
differentiation, salient response to NGF and dramatic change in phenotype induced by this 
factor. Therefore, PC12 cell line is of considerable advantage to researchers studying the 
interactions of EMF fields with biological systems. 
2.3 Nerve growth factor (NGF) 
Nerve growth factor (NGF) is the prototype for the neurotrophin family of polypeptides 
which are essential in the development and survival of certain sympathetic and sensory neurons 
in both the central and peripheral nervous systems. In cell culture, NGF can induce the 
formation of neurite projections and in vivo may stimulate the innervations of tissues. NGF 
plays a role in the repair, regeneration and protection of neurons, as such could serve as a 
therapeutic agent in neurodegenerative conditions such as Alzheimer's disease. One potential 
method of NGF application would be through gene therapy or through implantation of cells that 
have been genetically modified ex vivo. NGF has also been suggested to play a role in other 
physiological systems and tissues such as the immune system. 
NGF was discovered when mouse sarcoma tissue transplants in chicken embryos caused 
an increase in the size of spinal ganglia. In the course of attempting to characterize the agent 
responsible for this action, snake venom, employed as a phosphodiesterase, was found to be a 
rich source of NGF. A homologous tissue, the submaxillary gland of adult male mice, has 
become the most preferred source of NGF; other unusually large concentrations are found in 
guinea pig prostate glands and in bovine seminal plasma. The physiological relevance of these 
sources is not established. Subsequent cloning experiments have identified additional sequences 
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making a total of 10 NGF proteins: mouse, human, beef, chicken, rat, cobra, African rat, guinea 
pig, African toad and platy fish. 
2.4 Routine culture techniques 
2.4.1 Experimental tools 
The experimental tools for routine cell culture include: CO2 incubator (SANYO-20AIC), 
biological safety cabinet (Nature NU-425-300E classⅡ), autoclave (Hirayama HVE-50), 
refrigerator and freezer (Aaron), phase-contrast microscope (Zeiss Axiovert25), centrifuge 
(Hettich Universal 32R), digital camera (Nikon Coolpix995), 25-cm2 tissue-culture flasks 
(IWAKI, ASAHI Techno Glass), 24-well tissue-culture plates (Becton Dickinson Labware), 
water bath (Memmert WB10), pipette aid (Eppendorf Easypet), pipettor (Eppendorf Reference), 
pipettes (Falcon), pipette tips (Greiner Bio-one), sterilized glass bottles (Schott Duran), vials 
(Nunc Cryotube), sterilized filters (Nalgene), 50-ml plastic tubes (Greiner Bio-one), stop watch 
(Casio TMR100), hemocytometer (Sigma-Aldrich), cell counter (Suremark), magnetic stirrer 
(Geramag Midi), PH-meter (Schott), measuring cylinder (Fisher Scientific), beaker (Fisher 
Scientific), gloves and lab coat. 
2.4.2 Culture medium 
The culture medium for propagating and maintaining PC12 cells consists of 85% DMEM 
(Dulbecco’s modified Eagle medium), 10% horse serum and 5% fetal bovine serum. While the 
medium for NGF-treatment consists of 85% DMEM, 1% horse serum and 0.5% fetal bovine 
serum because the PC12 cells will stop propagating and differentiate into mature, postmitotic 
neurons when exposed to NGF in medium with low serum concentration. The DMEM powder, 
horse serum and fetal bovine serum were purchased from Invitrogen Corporation in UK. 
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Protocol for reparation of serum-free medium: 
1. Add 700 ml sterile water to a beaker and stir with mechanical stirrer. 
2. Add 13.6 g (1 package) DMEM powder and 3.7 g NaHCO3 (Sigma) to the water in the 
beaker; keep stirring for 15 minutes. 
3. Test PH-value of the solution (about 7.9) and add 1 N acetic acid (Darmstadt) dropwise to 
the solution till the PH value decreases to 7.2 (no less than 7.2). 
4. Transfer the solution to a measuring cylinder and make up with sterile water to 850 ml. 
5. Filter the solution into a sterilized glass bottle. 
6. Transfer the glass bottle with solution into biological safety cabinet and add 10 ml 
Glutamax-1 (Invitrogen) to it. 
7. Store this serum-free medium at 4 ℃. 
By adding appropriate amount of horse serum, fetal bovine serum and sterile water to the 
serum-free medium, the complete growth medium (containing 10% horse serum + 5% fetal 
bovine serum) and differentiation medium (containing 1% horse serum + 0.5% fetal bovine 
serum) were prepared respectively. All the medium were stored at 4 ℃. 
2.4.3 Culture surface 
Generally, the majority of vertebrate cells cultured in vitro grow as a monolayer on a 
special surface. The cells need to spread out on the special surface in order to proliferate124, 125, 
and inadequate spreading due to poor adhesion or overcrowding will inhibit proliferation. 
Therefore selecting a proper surface for cell adhesion is inevitable. The surface for growing 
cells must be correctly charged to allow cell adhesion, or alternatively, be coated with a special 
material to allow the adhesion of attachment factor in the cell membrane, which will, in turn, 
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allow cell adhesion and spreading. 
The sterile polystyrene tissue-culture flasks, used for routine cell culture, provide a simple, 
reproducible surface for culture. They are usually of good optical quality, and the growth 
surface is flat, providing uniform and reproducible cultures. As manufactured, polystyrene is 
hydrophobic and does not provide a suitable surface for cell growth, so tissue-culture plastics 
are pre-treated by γ-irradiation, chemically, or with an electric ion discharge to produce a 
charged surface that is then wettable for cells. 
The sterile multi-well tissue-culture plates, routinely used for plating neuronal cells, are 
usually coated with rat tail collagen, which has proved to be the most effective coating material. 
PC12 cells show optimal adherence to collagen-coated tissue-culture plates. The optimal 
concentration of collagen solution for coating should be empirically determined by testing 
various concentrations for their capacities to foster cell attachment and NGF-promoted neurite 
outgrowth. At too low a concentration, adhesion to substrate is poor, whereas at too high a 
concentration, neurite outgrowth is inhibited and cells are difficult to dislodge for subculture. In 
our experiments, the concentration of collagen solution was 50 µg/ml. Collagen-coated 
tissue-culture plates either may be purchased from suppliers or may be prepared in the 
laboratories. I prefer the latter way not only because it is economical but also because of the 
advantage of preparing a large stock solution that, once characterized, may be used for a long 
period. The collagen (50 mg, typeⅠfrom rat tail cells) in our laboratory was purchased from 
Sigma-Aldrich in the form of powder. 
Protocol for preparation of collagen stock solution: 
1. Prepare the biological safety cabinet. Swab the necessary items with 70% alcohol and 
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bring them to the cabinet to begin the procedure. 
2. Dissolve 50 mg collagen by 15 ml 1 N acetic acid (Darmstadt). 
3. Dilute the collagen solution to 50 µg/ml by sterilized water as the stock solution. 
4. Store the stock solution at 4 ℃. 
Protocol for Coating (performed in biological safety cabinet): 
1. Prepare the biological safety cabinet. Swab the necessary items with 70% alcohol and bring 
them to the cabinet to begin the procedure. 
2. Add 2 ml collagen stock solution (50 µg/ml) to each well in 24-well tissue-culture plates. 
3. Incubated the tissue-culture plates at 37 ℃ for 5 hours. 
4. Discard the collagen solution and wash the wells three times with sterile water. 
5. Wash the wells three times with PBS. 
6. Air-dried at room temperature for 1 hour and then exposed to UV for 20 minutes for 
sterilization. 
7. Before plating the cells, wash each well with 2 ml serum-free medium. 
2.4.4 Cell stock culture 
    PC12 cell line was originally established and distributed by the laboratories of Greene and 
Tischler100. These laboratories still remain the sources for obtaining starter cultures. Nowadays, 
many other laboratories all over the world culturing PC12 cells routinely are also the potential 
sources of new stock cultures. In my experiments, the PC12 cell line was purchased from 
American Type Culture Collection (ATCC). Like many cultured cell lines, PC12 cells may be 
stored for long periods at -80 ℃. 
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Protocol for preparation of cell stock culture: 
1. Prepare the biological safety cabinet; swab the necessary items with 70% alcohol and bring 
them to the cabinet to begin the procedure. 
2. Take the tissue-culture flask containing cells to the sterile work area (biological safety 
cabinet); remove and discard the old medium. 
3. Add 3 ml PBS to the flask; rinse the cells and discard the rinse. 
4. Add 2.5 ml PBS containing 1 mM EDTA to the tissue-culture flask and incubate the culture 
for 5 minutes at 37 ℃ to detach the cells from the flask surface. 
5. Take out the flask from the incubator and add 2.5 ml fresh complete growth medium. 
6. Disperse the cells by repeated pipetting over the flask surface; pipette the cell suspension 
up and down for a few minutes, with the tip of the pipette resting on the bottom corner of 
flask. 
7. Transfer the cell suspension to a 50-ml tube and centrifuge it for 7 minutes at speed of 800 
rmp. 
8. Discard the solution above, add 5 ml fresh complete growth medium supplemented with 
10% DMSO (Sigma) and resuspend the cells by repeated pipetting the medium. 
9. Count the cell by hemocytometer to determine the cell density in the suspension. 
10. Dilute the cell suspension to 62 10× cells/ml by adding complete growth medium 
supplemented with 10% DMSO. 
11. Transfer the cell suspension into plastic vials (Nunc Cryotube) with each vial containing 
1ml suspension, as aliquots. 
12. Maintain the vials overnight in a freezer at -70 ℃. 
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13. Transfer the vials to liquid nitrogen for long-term storage in the next day. 
The frozen cells can be stored for up to 6 months at -70 ℃. For long-term storage, 
however, the cell should be stored in liquid nitrogen. To recover the frozen cells in one vial, 
they are firstly thawed at 37 ℃ in a water bath, and then transferred to a 5-ml tissue-culture 
flask containing 4 ml complete growth medium without DMSO. The culture is incubated at 37 
℃ for 24 hours followed by removing the old medium and adding the fresh complete growth 
medium. Because PC12 cells grow best when not at too low a density, generally, they are 
frozen and replated after thawing at a split ratio equivalent to no less than one-third of a 
confluent flask. 
2.4.5 Subculture 
PC12 cells are usually cultured in 5-ml tissue-culture flasks in complete culture medium 
and are fed every 2 days with fresh medium. When feeding the cells, only about two-thirds of 
the old medium is discarded and replaced with fresh complete growth medium. As the cell 
doubling time is 3-4 days, subculture should be done every 7-8 days. To avoid potential 
accumulation of variants within the cultures, experiments should be carried out with cells that 
have undergone no greater than 50 passages. Generally, PC12 cells are passaged (subcultured) 
when the cultures are 80-90% confluent. 
Protocol for subculture: 
1. Prepare the biological safety cabinet. Swab the necessary items with 70% alcohol and 
bring them to the cabinet to begin the procedure. 
2. Take the tissue-culture flask containing cells to the sterile work area (biological safety 
cabinet); remove and discard the old medium. 
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3. Add 3 ml PBS to the flask, rinse the cells and discard the rinse. 
4. Add 2.5 ml PBS containing 1 mM EDTA to the tissue-culture flask and incubate the 
culture for 5 minutes at 37 ℃ to detach the cells from the flask surface. 
5. Take out the culture flask from the incubator and add 2.5 ml fresh medium. 
6. Disperse the cells by repeated pipetting over the flask surface. Pipette the cell suspension 
up and down a few minutes, with the tip of the pipette resting on the bottom corner of 
flask. 
7. Transfer the cell suspension to a 50-ml tube and centrifuge it for 7 minutes at speed of 800 
rmp. 
8. Discard the solution above, add 5 ml fresh medium and resuspend the cells by repeated 
pipetting the medium. 
9. Transfer 1 ml cell suspension from the tube to the tissue-culture flask containing 4 ml fresh 
medium. 
10. Incubate the cell culture at 37 ℃. 
2.4.6 NGF-treatment and neurite generation 
    In order to ensure optimal neurite outgrowth in PC12 cells, several factors merit attention. 
The first one is cell density. At too high a density, neurite outgrowth is inhibited while at too 
low a density, the cells do not survive well. Some previous studies have demonstrated a density 
of approximately 1.5 to 45 10×  cells per ml to be satisfactory98, 99, 110, 126-128. The second factor 
is the culture substrate. Since NGF treatment usually decreases the adherence of PC12 cells to 
tissue-culture surface, a suitable coating material such as collagen, as described earlier, is 
necessary. The third factor is that care should be taken during manipulation of the cultures to 
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ensure that the culture surface is not damaged. 
In my experiments, to generate neurites, PC12 cells are plated at a density of 
42 10× cells/ml in the presence of NGF at various concentrations. NGF (100 µg per package) is 
purchased from Sigma-Aldrich in the form of powder in a vial. To prepare a stock solution, 
NGF powder is firstly dissolved by 1 ml PBS containing 1% horse serum. After being dissolved, 
NGF is stored as aliquots at -20 ℃ for long period. The stock solution is diluted into 
differentiation medium (containing 1% horse serum + 0.5% fetal bovine serum) before use to 
the final working NGF concentrations, generally 10, 30 and/or 50 ng/ml. 
    PC12 cells can be exposed to NGF in complete culture medium, in differentiation medium, 
or in serum-free medium. In our experiments, the differentiation medium was used because 
there is less clumping of the cells and there is a cost saving for serum, as described earlier. 
Moreover, if the cultures include any cells that are resistant to the antiproliferative action of 
NGF, the low serum concentration inhibits their proliferation. 
Under the usual condition, neurite outgrowths begin to appear within 24 hours after NGF 
treatment on PC12 cells and by four days or so do most of the cells extend neurites. The 
average length of neurites is proportional to the NGF concentration. Figure 2.10 shows the 
morphology of PC12 cells without and with 1 to 4 days NGF (30 ng/ml) exposure respectively. 
Without NGF exposure, PC12 cells only proliferate and no neurites appear (Figure 2.10a). It 
was found that within one day after treated with NGF, some cells began to generate neurites 
(Figure 2.10b); after 2 days exposure, the number of cells possessing neurites increases 
progressively (Figure 2.10c&d) and after 4 days exposure, at least 80% of the cells in the 
cultures extend neurites (Figure 2.10e). 
   49
 
Figure 2.10 Morphology of PC12 cells before and after treatment by NGF. (a) before NGF 
treatment (b) after 1-day NGF treatment (c) after 2-day NGF treatment (d) after 3-day NGF 
treatment (e) after 4-day NGF treatment. 
Protocol for cell plating and NGF treatment: 
1. Prepare the biological safety cabinet; swab the necessary items with 70% alcohol and bring 
them to the cabinet to begin the procedure. 
2. Take the tissue-culture flask containing cells to the sterilized work area (biological safety 
cabinet), remove and discard the old medium. 
3. Add 3 ml PBS to the flask, rinse the cells and discard the rinse. 
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4. Add 2.5 ml PBS containing 1 mM EDTA to the tissue-culture flask and incubate the culture 
for 5 minutes at 37 ℃ to detach the cells from the flask surface. 
5. Take out the culture flask from incubator and add 2.5 ml fresh medium. 
6. Disperse the cells by repeated pipetting over the flask surface. Pipette the cell suspension 
up and down a few minutes, with the tip of the pipette resting on the bottom corner of 
flask. 
7. Transfer the cell suspension to a 50-ml tube and centrifuge it for 7 minutes at speed of 800 
rmp. 
8. Discard the solution above, add 5 ml fresh medium and resuspend the cells by repeated 
pipetting the medium. 
9. Count the cell by using hemocytometer to determine the cell density in the suspension. 
10. Dilute the cell suspension to 42 10× cells/ml. 
11. Plate the cells at density of 42 10× cells/ml on each collagen-coated well of 24-well 
tissue-culture plate. 
12. Incubate the cell culture for 24 hour at 37 ℃. 
13. Dilute NGF stock to 10, 30 or 50 ng final concentrations/ml of differentiation medium. 
14. Discard the old medium in the plate and add fresh differentiation medium containing NGF. 
15. Maintain the cell cultures in a 37 ℃ incubator and exchange the differentiation medium 
containing NGF every two days. 
2.5 Experimental design 
In order to find out whether the electromagnetic fields (EMF) have effects on neurite 
outgrowth in PC12 cells, a series of 96-hour exposure experiments were carried out. PC12 cells 
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(American Type Culture Collection, USA) were exposed to EMF generated by a pair of 
Helmholtz coils housed in one incubator as the exposure (or treatment) samples (Figure 2.11) 
and the control samples were placed in another identical incubator without coils.  
 
Figure 2.11 Exposure system housed in the incubator. 
Helmholtz coils (each consisted of 300 turns of enameled copper wire of 0.4 mm radius) 
were mounted coaxially at a distance of one coil radius (13 cm) from each other to produce a 
highly uniform horizontal field between them. The plates were placed horizontally at the centre 
between the two coils within the incubator to make sure that each well was exposed to a 
uniform field with field direction parallel to the surface of the medium, hence the surface of the 
cells. The coils were connected to a wave function generator (SONY Tektronix AFG310) 
driving an amplifier (AR Worldwide 40AD1). Three levels of EMF intensities were applied 
respectively with peak value of 0.016 mT, 0.19 mT and 1.37 mT, which were measured within 
the incubator by Lakeshore 450 gaussmeter with the unit of Gauss (1Gauss = 10-4 Tesla). In 
order to find out whether the culture conditions of both incubators were same prior experiments 
were performed when the fields were not present. The results showed that the percentage of 
neurite-bearing cells, average length of neurite and radial outgrowth in the cultures from each 
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incubator were nearly same. 
As described earlier, NGF (nerve growth factor) is essential in the development and 
survival of sensory and sympathetic neurons129. Furthermore, the NGF concentrations (10-100 
ng/ml) have been shown to have effect on the neurite outgrowth101. As a result, in order to 
clarify whether the influence of EMF on PC12 cell neurite outgrowth depends on NGF 
concentration, the neurite outgrowth in PC12 cell were induced by NGF at 10 ng/ml, 30 ng/ml 
and 50 ng/ml concentration, respectively. 
Before the exposure experiment PC12 cells were usually cultured in 25-cm2 tissue-culture 
flask in 5 ml complete growth medium (containing 10% horse serum + 5% fetal bovine serum) 
at 37 ℃ in a humidified atmosphere containing 5% CO2 and 95% air, as described earlier. 
Before reaching confluence, cells were detached by washing with PBS containing 1mM EDTA. 
The suspension was centrifuged and the cells were plated at 2 × 104 cells/cm2 on three 
collagen-coated 24-well tissue-culture plates (each well contained 1 ml growth medium). After 
24 hour-culture, the growth medium in the three plates was removed and differentiation 
medium containing NGF at 10, 30, 50 ng/ml was added (each plate corresponded to each NGF 
concentration). For each plate, four wells were used to culture PC12 cells. These three plates 
were placed in the exposure system, which was housed in a 5% CO2 incubator maintained at 37 
℃. Another three identical culture plates were placed in a second identical incubator without 
EMF as control. As soon as the differentiation medium was added to the cells, the exposure 
started and continued for 96 hours. The differentiation medium with NGF was replaced once 
every 48 hours. The final cells were assayed after 96-hours NGF treatment. The exposure 
experiment was repeated for three times. 
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Protocol for exposure experiments: 
1. Prepare the biological safety cabinet; swab the necessary items (medium, pipettes, and 
tubes etc.) with 70% alcohol and bring them to the cabinet to begin the procedure. 
2. Take the tissue-culture flask containing cells to the sterilized work area (biological safety 
cabinet), remove and discard the old medium. 
3. Add 3 ml PBS to the flask, rinse the cells and discard the rinse. 
4. Add 2.5 ml PBS containing 1 mM EDTA to the tissue-culture flask and incubate the culture 
for 5 minutes at 37 ℃ to detach the cells from the flask surface. 
5. Take out the culture flask from incubator and add 2.5 ml fresh medium. 
6. Disperse the cells by repeated pipetting over the flask surface. Pipette the cell suspension 
up and down a few minutes, with the tip of the pipette resting on the bottom corner of 
flask. 
7. Transfer the cell suspension to a 50-ml tube and centrifuge it for 7 minutes at speed of 800 
rmp. 
8. Discard the solution above, add 5 ml fresh medium and resuspend the cells by repeated 
pipetting the medium. 
9. Count the cell by using hemocytometer to determine the cell density in the suspension. 
10. Dilute the cell suspension to 42 10× cells/ml by adding fresh medium. 
11. Plate the cells at density of 42 10× cells/ml on the collagen-coated wells of 24-well 
tissue-culture plates. 
12. Incubate the cell culture for 24 hour at 37 ℃. 
13. Dilute NGF stock to 10, 30 or 50 ng final concentrations/ml of differentiation medium. 
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14. Discard the old medium in 24-well plates and add differentiation medium containing NGF. 
15. Apply electromagnetic field to the exposure sample. 
16. Maintain the cell cultures in a 37 ℃ incubator for 96 hours and exchange the 
differentiation medium every 48 hours. 
17. Stop applying EMF and photograph the cells near the center of each well with a digital 
camera (Nikon Coolpix 995) and inverted microscope (Zeiss Axiovert25). 
 
The assay procedure for neurite outgrowth used in our work was as described by Greene and 
Tischler130. Neurite outgrowth was evaluated from computer-captured images of each cell. The 
cells were examined in randomized areas at the centre of each well because it has the highest 
intensities of induced electric field131. Neurite orientation with respect to the electromagnetic 
field was assayed with the aid of the labelling on the 24-well tissue-culture plates. During the 
assay procedure, I counted only discernible and/or single cells, not cell clumps in order to obtain 
consistent results. Five parameters of the neurite outgrowth including total number of single cells, 
the number of neurite-bearing cells, length of each neurite and direction of each neurite, were 
analyzed with Leica image measurement software (Qwin2.0). The known measurement between 
two points on a hemocytometer grid was used for calibration. At least 100 cells were assayed per 
well in a blinded fashion. Therefore for the exposure (or control) sample in one run of 
experiments, at least 400 cells were assayed at each NGF concentration and at least 1200 cells 
were assayed for three runs of experiments at each NGF concentration. The neurite-bearing cell 
was defined as the cell which extended along at least one neurite with a length two times longer 
than the cell body (about 20 µm), therefore only neurites with length longer than 20 µm were 
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assayed. The neurite length was recorded in micron (µm). Statistical analyses were performed 
using the Student t-test, in which difference were considered as significant for P < 0.05. Data 
were expressed as mean ± S.E. 
2.6 A biological statistic method: Student’s t-test 
The Student’s t-test assesses whether the means of two groups are statistically different 
from each other and this analysis is appropriate whenever we want to compare the means of 
two samples.  
 
 
Figure 2.12 Idealized normal distributions for the control (a) and treatment (b) sample. 
Figure 2.12 shows the idealized normal distributions for the control (a) and treatment (b) 
samples in a study. The figure indicates where the means of control and treatment samples are 
located.   
Let’s consider the three situations shown in Figure 2.13. We should notice that the 
difference between the means is the same in all three situations although the three situations 
don't look the same. Figure 2.13a shows a case with medium variability of data within each 
sample. Figure 2.13b shows the high variability case and Figure 2.13c shows the case with low 
variability. Clearly, we could conclude that the two samples appear most different in the 
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low-variability case because there is relatively little overlap between the two bell-shaped curves, 
while in the high variability case, the difference appears least striking because the two 




Figure 2.13 Normal distributions of control and treatment samples. Difference between the 
means is the same in all three situations while the extent of overlap between two curves in each 
situation is different: little overlap means significant difference between control and treatment 
samples (a) medium variability (b) high variability (c) low variability. 
 
Suppose the control sample contains n1 observations and has mean 1x  and variance 
2
1s ; 
while for the treatment sample, the corresponding quantities are n2, 2x and
2
2s . The Null 












Where s is an estimate of the standard deviation based on both samples jointly (Student’s t-test 
requires the assumptions that the true variances of the two samples to be compared are the 
same): 
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    All we have to do is to calculate t using the value of s, and refer to the “Student’s 
t-distribution Table” with n1+n2-2 degrees of freedom. We compare the calculated t value with 
tabulated values for higher levels of significance (e.g. P = 0.01). These levels tell us the 
probability of our conclusion being correct. For example, if our calculated t value exceeds the 
tabulated value for P = 0.05, then there is a 95% chance of the means being significantly 
different (or 99% for P = 0.01, 99.9% for P = 0.001). By convention, we say that a difference 
between means at the 95% level is "significant", a difference at 99% level is "highly 
significant" and a difference at 99.9% level is "very highly significant". 
Statistical tests allow us to make statements with a degree of precision, but cannot actually 
prove or disprove anything. A significant result at the 95% probability level tells us that our 
data are good enough to support a conclusion with 95% confidence (but there is a 1 in 20 
chance of being wrong). In biological research we accept this level of significance as being 
reasonable. 
It is very time-consuming if one does the Student’s t-test by using "pencil and paper". 
Nowadays, the Student’s t-test can be conducted conveniently and accurately through some 
statistics software such as “Minitab”, “Microsoft Excell” or “Origin”. In my analyses, I used 
“Microsoft Excell” which can give me directly the final value P. Difference are usually 
considered as significant for P < 0.05 at 95% probability level, that is to say, if P value is less 
than 0.05, I can conclude that the two samples were drawn from populations with significant 
different means. 
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Chapter 3. Results 
3.1 Influence of DC electromagnetic fields on neurite outgrowth 
As discussed in chapter 2, DC (direct current) field can be considered as a special case of 
pulsed EMF and is equivalent to 100% pulse duty. Therefore my investigations began with the 
effect of DC electromagnetic fields on neurite outgrowth in PC12 cells. In the next section, 
studies on pulsed EMF with other pulse duties will be presented. In this project, the comparison 
experiments were carried out to ask whether DC EMF with different intensity levels can affect 
neurite outgrowth in PC12 cells. Three different intensity levels were used: high level (1.37 
mT); medium level (0.19 mT) and low level (0.016 mT). The effect of low intensity (0.016 mT) 
on neurite outgrowth was first studied and then intensity level was increased to 0.19 mT and 
1.37 mT subsequently. The intensity of 1.37 mT is the highest intensity generated by the 
Helmholtz coils in our laboratory. The low intensity level is in the order of geomagnetic field. 
The cultures were treated with NGF at 10, 30, 50 ng/ml concentrations, respectively. I primarily 
analyzed the percentage of neurite-bearing cells, average length of neurites and directivity of 
neurite outgrowth. 
3.1.1 High intensity level (1.37 mT) 
Percentage of neurite-bearing cells 
Figure 3.1 shows the percentage of neurite-bearing cells in PC12 cells at different NGF 
concentrations (10, 30 and 50 ng/ml respectively) under a DC EMF with intensity of 1.37 mT. 
For NGF concentration of 10 ng/ml, there was practically no significant difference between the 
exposure sample and the control sample. It can be seen that the percentage of neurite-bearing 
cells was significantly promoted under a DC EMF for higher NGF concentrations (30 and 50 
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ng/ml). These results indicate that the number of cells with neurites was enhanced under a DC 
EMF compared to the control sample (Table 3.1). 

































Figure 3.1 Percentage of neurite-bearing cells of PC12 cells exposed to DC EMF (1.37 mT) at 
various NGF concentrations. Significant promotion was found for 30 and 50 ng/ml NGF 
respectively. Data are expressed as mean ± S.E. and asterisk denotes significant difference. 
 
Table 3.1 Influence of DC EMF with intensity of 1.37 mT on percentage of neurite-bearing 
cells in PC12 cells treated with various NGF concentrations. 
Percentage of neurite-bearing cells NGF 
Concentration 
(ng/ml) Exposure (%) Control (%) Change (%) P-value 
10 19.86±0.93 19.40±0.40 2.44±4.78 0.67 
30 51.38±0.32 46.89±0.19 9.57±1.82 0.00028 
50 54.72±0.94 49.64±0.28 10.24±2.28 0.0065 
 
Average length of neurites 
It can be been from Figure 3.2 that a significant inhibition of average length (57.55 ± 0.74 
compared to 63.51 ± 1.34 µm, P = 0.018) was observed at NGF concentration of 30 ng/ml. 
However, non-significant inhibition of average length was found at NGF concentrations of 10 
and 50 ng/ml (corresponding to -8.41 ± 2.48% and -4.16 ± 3.44%, respectively). These results 
indicate that the average length of neurites decreased when exposed to a DC EMF (Table 3.2). 
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Figure 3.2 Average length of neurites of PC12 cells exposed to DC EMF (1.37 mT) at various 
NGF concentrations. A significant inhibition was found for 30 ng/ml NGF. Data are expressed 
as mean ± S.E. and asterisk denotes significant difference. 
 
Table 3.2 Influence of DC EMF with intensity of 1.37 mT on average length of neurites in 
PC12 cells treated with various NGF concentrations. 
Average length of neurites NGF 
Concentration 
(ng/ml) Exposure (µm) Control (µm) Change (%) P-value
a 
10 42.90±3.61 48.52±2.54 -8.41±2.48 0.27 
30 57.55±0.74 63.51±1.34 -12.03±1.98 0.018 
50 68.30±1.83 71.38±2.48 -4.16±3.44 0.37 
a n=3 (from 12 wells in 3 experiments) 
Directivity of neurite outgrowth 
Directivity of neurite outgrowths can be clearly shown by a polar plot gathering the 
contributions of neurite outgrowths in three runs of one exposure test. In this method, all the 
neurites were recorded in length and direction (relative to the field direction) and each neurite 
was indicated by a dot in terms of its length and angle. Hence, if all of the neurites had an 
optional outgrowth, the resultant pattern should be perfect radial. Figure 3.3a shows the polar 
distribution of neurite outgrowths in PC12 cells of the control sample and in this case, it can be 
seen that all neurites had nearly radial outgrowth. Another way to show the directivity of 
   61
neurite outgrowth is the vector diagram. All the neurites were divided into 12 parts with equal 
area according to their angles. Average length and direction of neurites in each part were given 
by radial lines, having both length and direction, i.e., they are vectors, as shown by the arrows 
at the end of the lines. Therefore, for a perfect radial outgrowth, all the 12 vectors are nearly the 
same, as illustrated in Figure 3.3b. Since the number of neurite-bearing cells as well as the 
number of neurites in the culture treated with NGF of 10 ng/ml concentration is quite low, it 
was difficult to express the neurite outgrowth by polar distribution or vector diagram. Hence, I 







Figure 3.3 Directivity of neurite outgrowth in PC12 cells in the control sample at NGF 







Figure 3.4 Directivity of neurite outgrowth in PC12 cells exposed to DC EMF with intensity of 
1.37 mT at NGF concentration of 30 ng/ml (a) polar distribution (b) vector diagram. 
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Figure 3.4 shows the polar distribution and vector diagrams of neurite outgrowth of the 
exposure samples at 30 ng/ml NGF concentration. It is clear to see all the neurites had nearly 
radial outgrowth and no enhanced directivity along the EMF direction was found, that is to say, 
DC field with intensity of 1.37 mT cannot induce enhanced directivity of neurite outgrowth in 
PC12 cells. For PC12 cells treated with NGF 50 ng/ml concentrations, I also did not find any 






Figure 3.5 Directivity of neurite outgrowth in PC12 cells exposed to DC EMF with intensity of 
1.37 mT at NGF concentration of 50 ng/ml (a) polar distribution (b) vector diagram. 
Another method to demonstrate the directivity of neurite outgrowth has been reported by 
Macias et al.132. In this method, all the neurites were recorded in length and direction (relative 
to the field direction). I divided 0 to 360° into four quadrants (Q1 =315°- 45°, Q2 = 45° - 135°, 
Q3 = 135° - 225° and Q4 = 225° - 315°). Since the EMF was applied along the direction of 
0-180° axis, Q1 + Q3 contained neurite outgrowths in the direction parallel to the EMF, while 
Q2 + Q4 contained neurite outgrowths extending perpendicular to the EMF (Figure 3.6). We 
calculated the average length of all neurites in each quadrant. According to Macias’s method, if 
the neurite outgrowth has preferred orientation when exposed to EMF, the average neurite 
length of Q1 + Q3 should be longer than that of Q2 + Q4. 
 
 











Figure 3.6 All neurites were divided into four quadrants. Q1 + Q3 contains neurite extending in 
the direction parallel to EMF, while Q2 + Q4 contains neurite outgrowths extending in the 
direction perpendicular to EMF. 






























Figure 3.7 Average length of neurite outgrowth in the direction perpendicular and parallel to 
EMF (PC12 cells exposed to DC EMF with intensity of 1.37 mT at NGF concentration of 30 
and 50 ng/ml). 
Figure 3.7 shows the average length of neurites in Q1 + Q3 and Q2 + Q4 of PC12 cells 
exposed to DC EMF at NGF concentration of 30 and 50 ng/ml. For both NGF concentrations, 
the average length of neurites of Q1 + Q3 was almost equal to that of Q2 + Q4. 
3.1.2 Medium intensity level (0.19 mT) 
Percentage of neurite-bearing cells 
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significantly promote percentage of neurite-bearing cells in PC12 cells where as an intensity of 
1.37 mT can. For all the three NGF concentrations, I found no significant differences between 
the exposure and the control samples. Exposure resulted in small promotions when the NGF 
concentrations are 10 and 30 ng/ml, corresponding to 4.00 ± 1.56% and 3.70 ± 2.87%, 
respectively; on the contrary, exposure resulted in a non-significant inhibition of percentage of 
neurite-bearing cells (-7.54 ± 1.39% & P = 0.21) at NGF concentration of 50 ng/ml (Table 3.3). 
 
Table 3.3 Influence of DC EMF with intensity of 0.19 mT on percentage of neurite-bearing 
cells in PC12 cells treated with various NGF concentrations. 
Percentage of neurite-bearing cells NGF 
Concentration 
(ng/ml) Exposure (%) Control (µm) Change (%) P-value
a 
10 11.61±1.76 11.16±0.44 4.00±1.56 0.81 
30 49.11±1.52 47.36±2.14 3.70±2.87 0.54 
50 58.22±2.44 62.97±1.99 -7.54±1.39 0.21 
a n=3 (from 12 wells in 3 experiments) 
Average length of neurites 
I also found that there is no significant difference between the average length of neurites in 
PC12 cells of the exposure and control samples. For NGF concentration of 10 ng/ml, exposure 
resulted in a non-significant inhibition of average length of neurites (-6.05 ± 2.36% & P = 0.40); 
while for 30 and 50 ng/ml NGF concentrations, the inhibitions are very small (-0.07 ± 0.12% 
and -1.56 ± 0.81%, respectively) (see Table 3.4). 
 
Table 3.4 Influence of DC EMF with intensity of 0.19 mT on average length of neurites in 
PC12 cells treated with various NGF concentrations. 
Average length of neurites NGF 
Concentration 
(ng/ml) Exposure (µm) Control (µm) Change (%) P-value
a 
10 33.99±2.08 36.18±1.06 -6.05±2.36 0.40 
30 40.92±1.48 40.95±0.94 -0.07±0.12 0.99 
50 43.69±0.78 44.38±1.33 -1.56±0.81 0.68 
a n=3 (from 12 wells in 3 experiments) 
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Directivity of neurite outgrowth 
Figure 3.8 shows the directivity of neurite outgrowth of the exposure samples in the 
presence of 30 and 50 ng/ml NGF concentrations, respectively. It is clear to see that all the 













Figure 3.8 Directivity of neurite outgrowth in PC12 cells exposed to DC EMF with intensity of 
0.19 mT (a) 30 ng/ml NGF (b) 50 ng/ml NGF. 
































Figure 3.9 Average length of neurite outgrowth in the direction perpendicular and parallel to 
EMF (PC12 cells exposed to DC EMF with intensity of 0.19 mT at NGF concentration of 30 
and 50 ng/ml). 
Figure 3.9 shows the average length of neurites in Q1 + Q3 and Q2 + Q4 of PC12 cells 
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exposed to DC EMF at NGF concentration of 30 and 50 ng/ml. For both NGF concentrations, 
the average length of neurites of Q1 + Q3 was almost equal to that of Q2 + Q4. 
3.1.3 Low intensity level (0.016 mT) 
Like EMF with intensity of 0.19 mT, exposure to EMF with 0.016 mT did not lead to any 
significant alteration of neurite outgrowth in PC12 cells treated with three NGF concentrations. 
The difference between the exposure and the control samples were very small (less than 3.0%). 
For example, exposure resulted in inhibition of both average length of neurites (-2.82 ± 1.66%) 
and percentage of neurite-bearing cells (-1.54 ± 1.11%) at NGF concentration of 30 ng/ml 
(Table 3.5& 3.6). 
Table 3.5 Influence of DC EMF with intensity of 0.016 mT on percentage of neurite-bearing 
cells in PC12 cells treated with various NGF concentrations. 
Percentage of neurite-bearing cells NGF 
Concentration 
(ng/ml) Exposure (%) Control (µm) Change (%) P-value
a 
10 11.77±0.46 11.53±0.91 2.08±2.33 0.82 
30 49.31±0.79 50.08±1.02 -1.54±1.11 0.59 
50 60.58±1.44 59.46±1.50 1.88±2.14 0.62 
a n=3 (from 12 wells in 3 experiments) 
 
Table 3.6 Influence of DC EMF with intensity of 0.016 mT on average length of neurites in 
PC12 cells treated with various NGF concentrations. 
Average length of neurites NGF 
Concentration 
(ng/ml) Exposure (µm) Control (µm) Change (%) P-value
a 
10 31.15±0.91 31.21±2.00 -0.19±1.58 0.98 
30 40.30±0.95 41.47±1.18 -2.82±1.66 0.48 
50 44.69±1.36 45.53±0.95 -1.84±0.23 0.64 
a n=3 (from 12 wells in 3 experiments) 
Directivity of neurite outgrowth 
Figure 3.10 shows the vector diagrams of neurite outgrowth of the exposure samples at 30 
and 50 ng/ml NGF concentrations, respectively. It is clear to see all the neurites had nearly 
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Figure 3.10 Directivity of neurite outgrowth in PC12 cells exposed to DC EMF with intensity 
of 0.016 mT (a) 30 ng/ml NGF (b) 50 ng/ml NGF. 
































Figure 3.11 Average length of neurite outgrowth in the direction perpendicular and parallel to 
EMF (PC12 cells exposed to DC EMF with intensity of 0.016 mT at NGF concentration of 30 
and 50 ng/ml). 
Figure 3.11 shows the average length of neurites in Q1 + Q3 and Q2 + Q4 of PC12 cells 
exposed to DC EMF at NGF concentration of 30 and 50 ng/ml. For both NGF concentrations, 
the average length of neurites of Q1 + Q3 was almost equal to that of Q2 + Q4. 
3.1.4 Summary 
My studies showed that exposure to DC EMF can result in alterations of neurite outgrowth 
in PC12 cells. However, these effects are strongly dependent on the field intensity. DC EMF 
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with high level intensity can promote the percentage of neurite-bearing cells and inhibit the 
average length of neurites, while medium and low level intensity have no effect on these two 
parameters. The significant promotion and inhibition only occurred when the NGF 
concentrations were 30 and 50 ng/ml. For all the three intensity levels, no significant 
enhancement of neurite directivity along the EMF direction was observed (Table 3.7). 
 
Table 3.7 Influence of DC EMF with various intensity levels on neurite directivity in PC12 
cells at NGF of 30 and 50 ng/ml concentration. 
 30 ng/ml NGF concentration 50 ng/ml NGF concentration 
Intensity high medium low high medium low 
Q1+Q3(µm) 57.79±0.68 40.67±1.67 39.98±1.18 68.00±0.98 44.01±0.62 44.64±0.73 
Q2+Q4(µm) 57.40±0.81 40.95±2.95 40.35±1.15 68.27±2.41 43.19±1.23 44.63±1.81 
Change(%) 0.68 -0.68 -0.90 -0.40 1.92 0.03 
P-valuea 0.73 0.94 0.84 0.92 0.58 0.99 
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3.2 Influence of pulsed electromagnetic fields on neurite outgrowth 
3.2.1 Pulse duty effects 
Percentage of neurite-bearing cells 
In the last section, I have presented the studies on effects of DC (or 100% pulse duty) 
EMF on neurite outgrowth in PC12 cells. In this section, the results of pulsed EMF on neurite 
outgrowth will be given. I firstly performed the comparison experiments under 50-Hz pulsed 
fields with different pulse duties: 10%, 30%, 50% and 80% respectively and found that the 
effects of pulsed EMF on neurite outgrowth are strongly dependent on the pulse duty (the 
frequency effects will be discussed later). 
I chose 30 ng/ml NGF concentration for this study on the pulse duty effect, because it was 
found that the number of neurites was too low to provide a good statistic analysis at the NGF 
concentration of 10 ng/ml; on the other hand, the large number of neurites at the NGF 
concentration of 50 ng/ml made the analysis less accurate because neurites were entangled and 
cross-linked. I chose high intensity level (1.37 mT) first for pulse duty study because at this 
intensity level significant influence on neurite outgrowth was observed when the cells were 
exposed to DC EMF, as already discussed in section 3.1.1 (the intensity effects of pulsed EMF 
will be discussed later). Figure 3.12 shows the change of percentage of neurite-bearing cells in 
the dependence of pulse duty. When the pulse duty was low (10%), It was found that the 
change of percentage of neurite-bearing cells was up to -14.29 ± 2.80% (a significant inhibition 
with P = 0.023). When the pulse duties were intermediate, say 30% and 50%, the inhibitions 
decreased to -4.10 ± 2.2% and -1.60 ± 2.9%, respectively. It was found that the change of 
percentage of neurite-bearing cells became positive (promotion) when pulse duty increased to 
80% and 100% (DC), corresponding to 8.39 ± 1.9% and 9.57 ± 1.82%, respectively. This figure 
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shows the trend that the increasing of the pulse duty was accompanied by the increase of 
change of percentage of neurite-bearing cells. 
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Figure 3.12 Change of percentage of neurite-bearing cells of PC12 cells exposed to 50-Hz 
pulsed EMF with intensity of 1.37 mT under different pulsed duties at NGF concentration of 30 
ng/ml. 
Average length of neurites 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    





























Pulse Duty of Electromagnetic Field (%)
 
Figure 3.13 Change of average length of neurites of PC12 cells exposed to 50-Hz pulsed EMF 
with intensity of 1.37 mT under different pulsed duties at NGF concentration of 30 ng/ml. 
Figure 3.13 shows the relationship between the change of average length of neurites and 
pulse duties at NGF concentration of 30 ng/ml. When the pulse duty was low (10%), the change 
of average length of neurites was up to 14.53 ± 2.11% (a significant promotion with P = 0.042). 
When the pulse duty was 30%, the change of average length became negative with an 
inhibition of -4.43 ± 1.86%. In the range from 30% to 100% (DC) pulse duties, the negative 
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change increased. For 100% pulse duty, the change was as high as -12.03 ± 1.98% (a significant 
inhibition with P = 0.018). The trend for reduced length of neurites with increasing pulse duty 
is in contrast to the trend of increasing percentage of neurite-bearing cells (Figure 3.12). 
3.2.2 Field intensity effects 
Since the effects of pulsed EMF with 10% duty on neurite outgrowth in PC12 cells are 
more obvious than that with other duties (30%-80%), I chose the 10% pulse duty in studies on 
intensity and frequency effects of pulsed EMF. 
In order to find out whether pulsed EMF with various intensities can result in various 
biological alterations in neurite outgrowth in PC12 cells, comparison experiments were also 
performed by using three different intensity levels: high level (1.37 mT); medium level (0.19 
mT) and low level (0.016 mT), respectively. High level (1.37 mT) was applied first then the 
intensity was decreased to 0.19 mT and 0.016 mT subsequently. The NGF concentrations were 
10, 30 and 50 ng/ml, respectively. I primarily analyzed the percentage of neurite-bearing cells, 
average length of neurites and directivity of neurite outgrowth. 
High intensity level (1.37 mT) 
Percentage of neurite-bearing cells 
Figure 3.14 shows the percentage of neurite-bearing cells in PC12 cells exposed to 50-Hz 
pulsed EMF (10% duty) with intensity of 1.37 mT at different NGF concentrations. It was 
found that, for all three NGF concentrations, exposure to pulsed electromagnetic field led to 
significant inhibition of percentage of neurite-bearing cells. These results show that in the 
exposure sample, the number of cells which were able to generate neurites is lower than that in 
the control sample. For NGF concentration of 10 ng/ml, the change is up to -16.63 ± 1.17% 
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(inhibition & P = 6.96E-05) and for NGF concentration of 30 and 50 ng/ml, the inhibition is 
-14.29 ± 2.80% (P = 0.023) and -12.48 ± 2.32% (P = 0.0023), respectively (Table 3.8). 








































Figure 3.14 Percentage of neurite-bearing cells of PC12 cells exposed to 50-Hz pulsed EMF 
(10% duty) with intensity of 1.37 mT at various NGF concentrations. Significant inhibitions 
were found for three NGF concentrations. Data are expressed as mean ± S.E. and asterisk 
denotes significant difference. 
 
Table 3.8 Influence of 50-Hz pulsed EMF (10% duty) with intensity of 1.37 mT on percentage 
of neurite-bearing cells in PC12 cells treated with various NGF concentrations. 
Percentage of neurite-bearing cells NGF 
Concentration 
(ng/ml) Exposure (%) Control (%) Change (%) P-value
a 
10 16.86±0.10 20.22±0.17 -16.63±1.17 6.96E-05 
30 33.09±1.21 38.03±0.66 -14.29±2.80 0.023 
50 40.27±0.65 46.02±0.52 -12.48±2.32 0.0023 
a n=3 (from 12 wells in 3 experiments) 
Average length of neurites 
Figure 3.15 shows the average length of neurites in PC12 cells of the exposure and the 
control samples. Exposure to pulsed EMF led to significant promotion of average length of 
neurites (60.01 ± 1.64 compared to 52.53 ± 1.98 µm, P = 0.04) at NGF concentration of 30 
ng/ml. In this case, neurites were stimulated by pulsed EMF and the cells in the exposure 
sample extend longer neurites than those in the control sample. For NGF concentration of 50 
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ng/ml, it was found a non-significant promotion of 9.24 ± 2.67%. For NGF concentration of 10 
ng/ml, the difference between the data of exposure sample and control sample was as small as 
0.61 ± 2.4% (see Table 3.9). 
































Figure 3.15 Average length of neurites of PC12 cells exposed to 50-Hz pulsed EMF (10% duty) 
with intensity of 1.37 mT at various NGF concentrations. Significant promotions were found 
for 30 and 50 ng/ml NGF concentrations. Data are expressed as mean ± S.E. and asterisk 
denotes significant difference. 
 
Table 3.9 Influence of 50-Hz pulsed EMF (10% duty) with intensity of 1.37 mT on average 
length of neurites in PC12 cells treated with various NGF concentrations. 
Average length of neurites NGF 
Concentration 
(ng/ml) Exposure (µm) Control (µm) Change (%) P-value
a 
10 50.79±2.81 50.67±3.09 0.61±2.40 0.98 
30 60.01±1.64 52.53±1.97 14.53±2.11 0.042 
50 66.42±0.68 60.57±0.99 9.24±2.67 0.008 
a n=3 (from 12 wells in 3 experiments) 
Directivity of neurite outgrowth 
NGF concentration: 30 ng/ml 
Figure 3.16 shows the polar distribution and vector diagram of neurite outgrowth in PC12 
cells exposed to pulsed EMF, whereas the pulsed EMF was applied along the 0-180° axis. In 
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this case, there was an asymmetrical outgrowth pattern, in which more neurites tended to 
extended neurite outgrowths parallel to the direction of EMF than that of perpendicular to the 
EMF. It is clear to see that along the direction of EMF, the neurite length is longer than that 







Figure 3.16 Directivity of neurite outgrowth in PC12 cells exposed to 50-Hz pulsed EMF (10% 
duty) with intensity of 1.37 mT at NGF concentration of 30 ng/ml (a) polar distribution (b) 
vector diagram. 






























Figure 3.17 Average length of neurite outgrowth in the direction perpendicular and parallel to 
EMF (PC12 cells exposed to 50-Hz pulsed EMF (10% duty) with intensity of 1.37 mT at NGF 
concentration of 30 ng/ml). Data are expressed as mean ± S.E. and asterisk denotes significant 
difference. 
Figure 3.17 shows the enhanced directivity and neurite length of PC12 cells exposed to 
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50-Hz pulsed EMF (10% duty) with intensity of 1.37 mT at NGF concentration of 30 ng/ml. 
For the control sample, the average length of neurites of Q1 + Q3 was almost equal to that of Q2 
+ Q4. However, for the exposure sample, it is observed that the average length of Q1 + Q3 had 
significant difference with that of Q2 + Q4, that is, PC12 cells produced longer neurites ( 65.79 
± 2.44 compared to 54.85 ± 1.69 µm, P = 0.02) along the direction of pulsed EMF than those 
orientated parallel to the EMF. 
NGF concentration: 50 ng/ml 
Figure 3.18 shows the polar distribution and vector diagram of neurite outgrowth in the 
exposure sample at 50 ng/ml NGF concentration. The neurite outgrowth had significant 
enhanced directivity along the EMF direction. In the case, more neurites tended to extended 







Figure 3.18 Directivity of neurite outgrowth in PC12 cells exposed to 50-Hz pulsed EMF (10% 
duty) with intensity of 1.37 mT at NGF concentration of 50 ng/ml (a) polar distribution (b) 
vector diagram. 
As shown in Figure 3.19, the average length of neurites of Q1 + Q3 was almost equal to 
that of Q2 + Q4 in the control sample. While for the exposure sample, it was found that the 
average length of Q1 + Q3 was significant enhanced compared with that of Q2 + Q4, that is, 
PC12 cells produced longer neurites ( 72.74 ± 1.04 compared to 60.09 ± 0.47 µm, P = 0.00037) 
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along the direction of pulsed EMF than those orientated parallel to the direction of EMF. 





























Figure 3.19 Average length of neurite outgrowth in the direction perpendicular and parallel to 
EMF (PC12 cells exposed to 50-Hz pulsed EMF (10% duty) with intensity of 1.37 mT at NGF 
concentration of 50 ng/ml). Data are expressed as mean ± S.E. and asterisk denotes significant 
difference. 
Medium intensity level (0.19 mT) 
Percentage of neurite-bearing cells 

































Figure 3.20 Percentage of neurite-bearing cells of PC12 cells exposed to 50-Hz pulsed EMF 
(10% duty) with intensity of 0.19 mT at various NGF concentrations. Significant inhibition was 
found for 30 ng/ml NGF. Data are expressed as mean ± S.E. and asterisk denotes significant 
difference. 
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Figure 3.20 shows the percentage of neurite-bearing cells in PC12 cells exposed to 50-Hz 
pulsed EMF (10% duty) with intensity of 0.19 mT. It was found that exposure also resulted in 
inhibition of percentage of neurite-bearing cells in PC12 cells like exposure to pulsed EMF 
with high intensity level. When the NGF concentration was 30 and 50 ng/ml, the inhibitions 
were significant (up to -20.96 ± 1.88% with P = 0.00034 and -10.60 ± 1.02% with P = 0.0094 
respectively). For 10 ng/ml NGF concentration, although the inhibition was as high as -21.40 ± 
2.01%, Student’s T-test showed that no significant difference occurred between the control and 
the exposure samples (P = 0.33) (see Table 3.10). 
 
Table 3.10 Influence of pulsed EMF (10% duty) with intensity of 0.19 mT on percentage of 
neurite-bearing cells in PC12 cells treated with various NGF concentrations. 
Percentage of neurite-bearing cells NGF 
Concentration 
(ng/ml) Exposure (%) Control (%) Change (%) P-value
a 
10 15.17±0.67 19.30±3.68 -21.40±2.01 0.33 
30 32.27±0.72 40.83±0.22 -20.96±1.88 0.00034 
50 46.24±0.58 51.72±1.02 -10.60±1.02 0.0094 
a n=3 (from 12 wells in 3 experiments) 
Average length of neurites 
Figure 3.21 shows the average length of neurites in PC12 cells in the exposure and the 
control sample. It was found that exposure resulted in promotion for all the three NGF 
concentrations. For 10 ng/ml NGF concentration, the promotion was relatively low (5.95 ± 
0.54% & P = 0.44); while for 30 and 50 ng/ml NGF concentrations, both promotions were 
significant and were up to 12.32 ± 1.60% (P = 0.016) and 12.90 ± 0.86% (P = 0.0058), 
respectively (see Table 3.11). 
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Figure 3.21 Average length of neurites of PC12 cells exposed to 50-Hz pulsed EMF (10% duty) 
with intensity of 0.19 mT at various NGF concentrations. Significant promotions were found 
for 30 and 50 ng/ml NGF. Data are expressed as mean ± S.E. and asterisk denotes significant 
difference. 
 
Table 3.11 Influence of 50-Hz pulsed EMF (10% duty) with intensity of 0.19 mT on average 
length of neurites in PC12 cells treated with various NGF concentrations. 
Average length of neurites NGF 
Concentration 
(ng/ml) Exposure (µm) Control (µm) Change (%) P-value
a 
10 31.51±1.71 29.74±1.12 5.95±0.54 0.44 
30 39.28±0.66 34.97±0.83 12.32±1.60 0.016 
50 41.90±0.84 36.49±0.55 12.90±0.86 0.0058 
a n=3 (from 12 wells in 3 experiments) 
Directivity of neurite outgrowth 
Figure 3.22 shows the vector diagrams of neurite outgrowths in PC12 cells exposed to 
50-Hz pulsed EMF (10% duty) with intensity of 0.19 mT. For both 30 and 50 ng/ml NGF 
concentrations, no enhanced directivity of neurite outgrowth along the field direction was 
observed and all the neurites had almost perfect radial outgrowth. The average length of 
neurites in Q1 + Q3 was nearly equal to that in Q2 + Q4 (39.65 ± 0.38 compared to 39.39 ± 0.69 
µm, P = 0.76 for 30 ng/ml NGF; 42.69 ± 0.55 compared to 41.09 ± 1.03 µm, P = 0.24 for 50 
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ng/ml NGF), as shown in Figure 3.23. In this case, pulsed EMF did not induce the alteration of 













Figure 3.22 Directivity of neurite outgrowth in PC12 cells exposed to 50-Hz pulsed EMF (10% 
duty) with intensity of 0.19 mT (a) NGF: 30ng/ml (b) NGF: 50ng/ml. 































Figure 3.23 Average length of neurite outgrowth in the direction perpendicular and parallel to 
EMF (PC12 cells exposed to 50-Hz pulsed EMF (10% duty) with intensity of 0.19 mT at NGF 
concentration of 30 and 50 ng/ml). Data are expressed as mean ± S.E.. 
Low intensity level (0.016 mT) 
Percentage of neurite-bearing cells 
Figure 3.24 shows the percentage of neurite-bearing cells in PC12 cells exposed to 50-Hz 
pulsed EMF (10% duty) with low level intensity (0.016 mT). Through the analysis, it was 
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found that there is no significant difference between the exposure and the control samples at all 
the three NGF concentrations. For 10 ng/ml NGF concentration, the non-significant difference 
was 8.31 ± 0.75% (P = 0.63); for 30 and 50 ng/ml NGF concentrations the non-significant 
difference was only -2.10 ± 1.06% and -5.80 ± 0.11%, respectively (Table 3.12). 

































Figure 3.24 Percentage of neurite-bearing cells of PC12 cells exposed to 50-Hz pulsed EMF 
(10% duty) with intensity of 0.016 mT at various NGF concentrations. Data are expressed as 
mean ± S.E.. 
 
Table 3.12 Influence of 50-Hz pulsed EMF (10% duty) with intensity of 0.016 mT on 
percentage of neurite-bearing cells in PC12 cells treated with various NGF concentrations. 
Percentage of neurite-bearing cells NGF 
Concentration 
(ng/ml) Exposure (%) Control (%) Change (%) P-value
a 
10 11.60±1.36 10.71±1.00 8.31±0.75 0.63 
30 41.05±0.79 41.94±2.83 -2.10±1.06 0.78 
50 52.61±2.17 55.85±2.68 -5.80±0.11 0.40 
a n=3 (from 12 wells in 3 experiments) 
Average length of neurites 
Figure 3.25 shows the average length of neurite outgrowth in PC12 cells of the exposure 
and control samples. My analysis showed that there was no significant difference between the 
exposure and the control samples at all the three NGF concentrations. For 10 and 30 ng/ml 
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NGF concentrations, the difference between the exposure and the control samples were very 
small: -0.28 ± 0.15% and -0.7 ± 0.26%, respectively; for 50 ng/ml NGF concentration, the 
difference between the two samples was as low as 3.78 ± 1.77% (Table 3.13). 
































Figure 3.25 Average length of neurites of PC12 cells exposed to 50-Hz pulsed EMF (10% duty) 
with intensity of 0.016 mT at various NGF concentrations. Data are expressed as mean ± S.E.. 
 
Table 3.13 Influence of 50-Hz pulsed EMF (10% duty) with intensity of 0.016 mT on average 
length of neurites in PC12 cells treated with various NGF concentrations. 
Average length of neurites NGF 
Concentration 
(ng/ml) Exposure (µm) Control (µm) Change (%) P-value
a 
10 35.46±0.55 35.56±1.43 -0.28±0.15 0.95 
30 36.85±0.24 37.11±0.79 -0.70±0.26 0.77 
50 40.64±0.54 39.16±0.39 3.78±1.77 0.089 
a n=3 (from 12 wells in 3 experiments) 
Directivity of neurite outgrowth 
Figure 3.26 shows the vector diagrams of neurite outgrowths in PC12 cells exposed to 
50-Hz pulsed EMF with intensity of 0.016 mT. For both 30 and 50 ng/ml NGF concentrations, 
no enhanced directivity of neurite outgrowth along the field direction was observed. All the 
neurites had almost perfect radial outgrowth. The average length of neurites in Q1 + Q3 was 
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nearly equal to that in Q2 + Q4 (36.67 ± 0.83 compared to 37.11 ± 0.58 µm, P = 0.69 for 30 
ng/ml NGF; 40.65 ± 0.42 compared to 40.34 ± 1.32 µm, P = 0.83 for 50 ng/ml NGF), as shown 













Figure 3.26 Directivity of neurite outgrowth in PC12 cells exposed to 50-Hz pulsed EMF (10% 
duty) with intensity of 0.016 mT (a) NGF: 30ng/ml (b) NGF: 50ng/ml. 
































Figure 3.27 Average length of neurite outgrowth in the direction perpendicular and parallel to 
EMF (PC12 cells exposed to 50-Hz pulsed EMF (10% duty) with intensity of 0.016 mT at NGF 
concentration of 30 and 50 ng/ml). Data are expressed as mean ± S.E.. 
3.2.3 Pulse frequency effects 
    In order to find out whether pulsed EMF with frequencies other than 50 Hz can induced 
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the biological effects in neurite outgrowth in PC12 cells, I carried out comparison experiments 
under 1Hz, 10 Hz, 30 Hz, 70 Hz and 100 Hz pulsed EMF with intensity of 1.37 mT at NGF 
concentration of 30 ng/ml. It was found that the 70-Hz pulsed EMF had the same effects on 
percentage of neurite-bearing cells, average length of neurites and directivity of neurite 
outgrowth in PC12 cells at the 30 ng/ml NGF as 50-Hz pulsed EMF, while other frequencies 
had no noticeable effect on neurite outgrowth. The results of pulsed EMF with different 
frequencies are listed in Table 3.14-3.16. 
 
Table 3.14 Influence of pulsed EMF (1.37 mT & 10% pulse duty) with different frequencies on 
percentage of neurite-bearing cells in PC12 cells at the NGF concentration of 30 ng/ml. 
Percentage of neurite-bearing cells (%) Frequency 
(Hz) Exposure Control Change P-valuea 
1 42.04±1.1 41.58±1.17 1.11±0.56 0.79 
10 52.52±1.02 51.86±1.30 1.27±1.33 0.71 
30 55.31±0.84 56.18±1.55 -1.55±1.02 0.65 
50 33.09±1.21 38.03±0.66 -14.29±2.80 0.023 
70 51.31±0.94 58.05±0.78 -11.61±1.63 0.005 
100 50.86±0.75 51.54±1.31 -1.32±0.42 0.67 
a n=3 (from 12 wells in 3 experiments) 
 
Table 3.15 Influence of pulsed EMF (1.37 mT & 10% pulse duty) with different frequencies on 
average length of neurites in PC12 cells at the NGF concentration of 30 ng/ml. 
Average length of neurites (µm) Frequency 
(Hz) Exposure Control Change (%) P-valuea 
1 48.49±1.9 47.92±0.55 1.19±0.74 0.79 
10 42.13±0.69 42.33±1.12 -0.47±0.26 0.89 
30 50.36±0.87 52.20±0.50 -3.50±1.11 0.46 
50 60.01±1.64 52.53±1.97 14.53±2.11 0.042 
70 55.70±0.59 49.80±0.78 11.85±2.03 0.0038 
100 46.70±0.76 46.05±0.12 1.40±0.71 0.45 
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Table 3.16 Influence of pulsed EMF (1.37 mT & 10% pulse duty) with different frequencies on 
directivity of neurites outgrowth in PC12 cells at the NGF concentration of 30 ng/ml. 
Frequency 
(Hz) 
Q1 + Q3 Q2 + Q4 Change (%) P-valuea 
1 47.99±1.62 48.76±1.88 -1.58±0.36 0.77 
10 42.29±1.33 41.85±0.12 1.05±0.96 0.76 
30 50.38±1.13 51.09±0.57 -1.39±1.08 0.61 
50 65.79±2.44 54.85±1.69 19.97±1.15 0.02 
70 60.19±0.49 51.29±1.05 17.35±2.18 0.0015 
100 45.85±0.66 46.87±0.69 -2.18±1.29 0.34 
a n=3 (from 12 wells in 3 experiments) 
 
Exposure to 70-Hz pulsed EMF resulted in a significant inhibition (-11.61 ± 1.63% & P = 
0.005) of percentage of neurite-bearing cells as well as a significant promotion (11.85 ± 2.03% 
& P = 0.0038) of average length of neurites. Furthermore, a significant enhancement (60.19 ± 
0.49 µm compared to 51.29 ± 1.05 µm & P = 0.0015, see Figure 3.29) of neurite outgrowth 
along the field direction was observed in the exposure sample (see Table 14) and Figure 3.28 













Figure 3.28 Directivity of neurite outgrowth in PC12 cells exposed to 70-Hz pulsed EMF (10% 
duty) with intensity of 1.37 mT at NGF concentration of 30 ng/ml (a) polar distribution (b) 
vector diagram. 
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Figure 3.29 Average length of neurite outgrowth in the direction perpendicular and parallel to 
EMF (PC12 cells exposed to 70-Hz pulsed EMF (10% duty) with intensity of 1.37 mT at NGF 
concentration of 30 ng/ml). Data are expressed as mean ± S.E. and asterisk denotes significant 
difference. 
3.2.4 Summary 
Pulse duty effects 
Through the studies, it was found that the pulse duty is a very important factor of the 
biological effects of pulsed EMF. Low pulse duty inhibited the percentage of neurite-bearing 
cells but at the same time increased the average length of neurites; while high pulse duty had 
exactly the opposite effects. However, only 10% and 100% (DC) pulse duty resulted in 
significant effects, while other pulse duties had non-significant effects. 
Intensity effects 
Field intensity also plays an important role in the biological effects of pulsed EMF. 
Generally, pulsed EMF with high (1.37 mT) and medium level (0.19 mT) intensities can lead to 
significant inhibition of percentage of neurite-bearing cells and promotion of average length of 
neurites of neurite outgrowth in PC12 cells, while pulsed EMF with low intensity (0.016 mT) 
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had no such effects. Both high and medium level intensities had the same effects on biological 
systems: inhibiting the percentage of neurite-bearing cells while promoting the average length 
of neurites. These effects are very obvious when the NGF concentration were 30 and 50 ng/ml. 
For 10 ng/ml NGF concentration, since fewer cells can extend neurites, it was difficult to 
observe the significant difference between the exposure and the control samples. 
Only pulsed EMF with high level intensity can induce the enhanced directivity of neurite 
outgrowth along the direction of EMF. For both the 30 and 50 ng/ml NGF concentrations, the 
enhancements of directivity are significant. Both the medium and low intensity cannot result in 
significant enhancement of neurite directivity. 
Frequency effects 
I performed studies on pulse frequency effects in the range from 1 Hz to 100 Hz. For 1, 10, 
30, 100 Hz frequency, I did not find any significant difference between the exposure and 
control samples in terms of percentage of neurite-bearing cells, average length of neurites and 
directivity of neurite outgrowth. While pulsed EMF with 50 and 70 Hz frequencies has been 
shown to lead to the alterations in neurite outgrowth in the same way. Biological effects of 
pulsed EMF at higher frequency merit further study. 
NGF concentration effects 
My studies also demonstrated that most significant alterations of percentage of 
neurite-bearing cells and neurite length occurred when NGF concentration was 30 ng/ml; the 
enhanced directivity of neurite outgrowth occurred primarily for 30 and 50 ng/ml NGF 
concentrations. Significant effect was difficult to be observed for culture treated with 10 ng/ml 
NGF concentration since the neurite number was quite low. 
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Chapter 4. Discussion and conclusions 
4.1 Biophysical mechanisms 
    For at least twenty years, a long list of experiments on biophysical mechanism of 
biological effects of EMF have been attempted, but with mixed results. The reasons why it’s 
difficult to develop theoretical bases for biophysical mechanisms are: (1) alterations occur over 
a range of frequencies (predominantly in the ELF range) referred to as frequency windows as 
well as a range of intensities referred to as intensity windows and (2) effects occur under 
conditions in which energy coupling to the biological system is significantly less than that 
known to be involved in classical physical or physicochemical interactions. Therefore, an 
inclusive theory for explaining biological effects of EMF adequately must involve biophysical 
mechanisms consistent with responses with frequency and intensity windows occurring under 
conditions of low field energy coupling to living systems133. 
To date, nearly all the proposed mechanisms fall into two categories: non-resonance 
models and resonance models. On one hand, some non-resonance models104-107 have tried to 
explain the EMF effects on biological systems on the basis that external EMF can reverse the 
uncompensated electron spins present in free radicals and hence result in the alterations in the 
functions performed by these free radicals in chemical reactions in living systems. On the other 
hand, some investigators have developed resonance models including parametric resonance108 
and cyclotron resonance109.  
EMF effects on uncompensated spins (free radicals) 
    The uncompensated electron spins are present in free radicals which are produced 
continuously in living systems as the result of biochemical reactions such as oxidative 
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metabolic processes and absorption of visible light in the retina. Static EMF at flux densities on 
the order of 1 mT are shown to affect free radical chemical reactions in vitro104. 
    Free radical lifetimes (and hence free radical concentrations) depend on the rate of 
conversion of triplet state to singlet state electrons, which in turn depends, in part, on the 
energies of the singlet and triplet state. Extrinsic static EMF increase or decrease triplet state 
energies depending on the orientation of the triplet spin relative to the fields to form either T-1 
or T+1 triplet states. The difference in energy levels of triplet state electrons will increase with 
increasing EMF intensity. Interconversion between T-1 and the singlet state S, and hence 
chemical reaction rates, can occur without the input of external energy at a specific critical field 
intensity depending on the systems106. 
    Combined static and alternating ELF magnetic fields could hypothetically affect free 
radical reactions in biological systems in situations where the extrinsic static magnetic flux 
density was poised near the critical level. If the magnitude of the alternating ELF magnetic 
field was equal to the difference between the extrinsic and critical level, and if the period of the 
field was sufficiently long to permit the triplet to singlet transition, the alternating magnetic 
field could alter biochemical processes. A test of the validity of this biophysical mechanism 
depends on more detailed knowledge of intrinsic magnetic field strengths, critical field 
strengths, and T-1→S transition rates in biological systems. 
    This mechanism may be suitable in accounting for the effects of static (DC) EMF on 
biological systems. In our studies, we found that the DC EMF with an intensity on the order of 
1 mT had significant effects on neurite outgrowth in PC12 cells: inhibiting the average length 
of neurites while promoting the percentage of neurite-bearing cells in the culture. However, at 
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lower intensity (0.19 and 0.016 mT) levels, we found no significant differences between the 
exposure and the control samples. When exposed to extrinsic DC EMF, the triplet energies of 
electrons and hence the free radicals concentration are changed by the fields, resulting in the 
alterations in the functions performed by these free radicals in the chemical reactions in neurite 
outgrowth. The important role played by field intensity was also demonstrated: the intensity 
level on the order lower than 1 mT was not strong enough to induce the alterations in neurite 
outgrowth in PC12 cells. 
EMF effects on moving charges (resonance model) 
    The direct effect of EMF on moving charges was considered as another kind of 
mechanism in accounting for the EMF (predominantly for alternative or pulsed EMF) effects 
on biological systems, especially nerve systems. Cytoplasm is the primary intracellular 
substance in the neuron, containing Ca2+, Na+, K+ and other ions. The extrinsic EMF can alter 
the vibrating or moving state of these electric charges. On the other hand, so far, more and more 
researchers proposed that the EMF could interact with the moving charges in a manner of 
resonance, of particular importance, are the parametric resonance and cyclotron resonance. 
Parametric resonance 
     In 1991 Lednev108 proposed a biophysical interaction mechanism to explain the effects of 
ELF EMF on the ions in biological systems. In this model an ion such as Ca2+ is described as a 
charged oscillator vibrating at the frequency of thermal motion. Since Ca2+ is weakly bound 
within a protein molecule such as calmodulin, alteration in the state of Ca2+ binding could affect 
many enzymes that are regulated by calmodulin, thus resulting in various physiological 
alterations134, 135. 
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    The parametric resonance model involves the interaction of static (Bs) and oscillating 
magnetic fields. In the presence of a static magnetic field, such as a geomagnetic field, the 
thermally induced ion oscillations are subject to Zeeman splitting into oscillation frequencies 
1ω  and 2ω . The difference between the Zeeman frequencies is the cyclotron resonance 
frequency, i.e. 1 2 cω -ω =ω
136. In the presence of a parallel oriented extrinsic alternating 
magnetic field B, modulation of the Zeeman frequencies will alter the probability P of the ion 
transition from 1ω and 2ω  to the ground state frequency 0ω . The transition probability is 
given by the equation: 
                           ( )2 21 2 1 2 nP=A +A + 2A A J X                       (8) 
Where A1 and A2 are the infrared amplitudes corresponding to transitions from 1ω  and 2ω  
to 0ω , respectively. The argument of the Bessel function ( )nJ X is X=nB/Bs.137 
    The term ( )1 2 n2A A J X  in Equation (1) is zero at all alternating magnetic field 
frequencies except at frequencies c cf =ω /2πn , where n is an integer. The parametric 
resonance model thus predicts resonances at frequency cω  and its subharmoics. In addition to 
subharmonic resonances, resonances are also predicted at 2fc, 3fc, etc. If it is assumed that Bs 
splits each of several vibration levels into two frequencies that differ by fc, then the resultant 
sum and difference frequencies (i.e. beat frequencies) can be harmonics of fc.108 The parametric 
resonance model also predicts the relative amplitudes of Bs and B that maximize the resonance 
effect since the magnitude of the Bessel function is a function of B/Bs. 
Cyclotron resonance 
    The ion cyclotron resonance model is considered as a second resonance mechanism in 
order to try to explain the empirical observation of ELF frequency windows for a number of 
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biological responses involving effects on cell Ca2+ binding or fluxes. The ion cyclotron 
resonance model has features in common with the parametric resonance model, including the 
interaction of static and oscillating magnetic field. In a vacuum, an ion having charge q, mass m 
and velocity V, in a static magnetic field of flux density Bs, will be subjected to a Lorentz force 
( )F=q V X× . The Lorentz force will induce the ion to move in a circular path of radius 




                             (9) 
The angular velocity of the ion will be 
sqBω=
m
                            (10) 
The addition of an extrinsic electric field induced, for example, by an alternating magnetic 
field having a frequencyω , i.e. jωt0B=B e , will increase the tangential velocity of the ion and 
its orbital radius if the static and alternating fields are parallel to each other. 
In a static magnetic field having a flux density corresponding to the geomagnetic field (50 
µT), a number of physiologically important ions such as calcium, sodium and potassium have 
cyclotron resonance frequencies cf =(ω/2π)  in the ELF range of less than 100 Hz. For 
example the cyclotron frequency for a 40Ca2+ ion in a 50 µT static field is 38.4 Hz. The general 
agreement between cyclotron resonance frequencies and frequency windows for ELF EMF 
effects in biological systems led to the proposal of biophysical mechanisms involving induced 
circular or helical motion of ions in transmembrane channels or cell surface receptors109. 
Although biological responses predicted by a cyclotron resonance model have been reported138, 
the validity of this model has been questioned based on effects of ion hydration139 and collision 
damping in biological systems140, 141. 
The resonance models demonstrated that the EMF-induced alterations occur over a range 
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of frequencies referred to as frequency windows. In this frequency window, oscillating EMF 
changes the functions of moving charges such as Ca2+ by change their vibrating state or moving 
path. As discussed in chapter 1, most biological effects of EMF occur at 50-60 Hz. Through our 
studies, we found that, in the range from 1 – 100 Hz, a significant difference between the 
exposure and the control samples was observed at 50 Hz and 70 Hz frequency respectively; 
while for other frequencies there was no significant difference between the exposure and the 
control samples. That is to say, the extrinsic pulsed EMF with 50 and 70 Hz frequency can lead 
to a significant inhibition of percentage of neurite-bearing cells and a significant promotion of 
neurite length in PC12 cell neurite outgrowth in a manner of resonance. 
In fact, increasing evidence recently appears to support the idea that signal transduction 
within cell membranes can be affected by EMF in the manner of resonance. Nevertheless, a 
resonance mechanism would have distinct advantages in that to a great extent, when resonance 
is involved, frequency becomes a variable that is as important as energy. 
Signal transduction, the basis for a cell’s communication with its environment, is a general 
process in which a ligand molecule binds to its receptor site on the cell surface and triggers a 
cascade of biochemical events in the cell membrane that lead to enzyme activation, gene 
induction, protein synthesis and ultimately mitogenesis and cell proliferation142. The cell 
plasma membrane is a primary site of signal transduction, which starts at the cell surface. Two 
major signaling systems involve receptor tyrosyl kinases and receptor-mediated phospholipids 
breakdown in the plasma membrane. The insulin receptor protein, for example, is a tyrosyl 
kinase that is activated upon binding of insulin. In the second system, which is widely 
distributed in many types of cells, a ligand binds to its receptor and triggers phospholipids 
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breakdown in the cell membrane leading to the generation of “second messengers” that control 
a myriad of metabolic, cell growth, and differentiation events. Many different receptors share 
this signal transduction pathway. For example, when Concanavalin A (Con-A) or other mitogen 
binds to the T-cell receptor (TCR) of T-lymphocytes it triggers phospholipid breakdown leading 
to inostol (1,4,5) trisphosphate (IP3) which in turn elevates intracellular calcium. Importantly, 
this elevation of calcium ion concentration is a second messenger event; calcium ions bind to 
proteins such as calmodulin and kinases which sustain the signal transduction cascade within 
the cell that ultimately leads to DNA, RNA and protein synthesis, cell proliferation and clonal 
expansion of the T-cell. 
Due to the obvious involvement of Ca2+ in cell membrane signal transduction, it is logical 
that attention be focused on this ion in exploring biophysical mechanisms of EMF. However, 
like most studies on EMF interactions with biological systems to date, investigation of EMF 
induced calcium alterations within cell membrane have been phenomenological, rather than 
mechanistic, in nature, and have left the question of the specific role of calcium in the signal 
transduction processes unresolved. In addition, biophysical mechanisms must unravel details of 
the magnitude and distribution of extra- and intracellular fields induced by both magnetic and 
electric fields. Unfortunately, this knowledge has not been well established because of the 
complexity of biological systems. 
4.2 Conclusions 
In some previous studies, neurite length of DRG treated with NGF was inhibited by pulsed 
EMF113 as well as the neurite outgrowth of PC6 cells, a subline of PC12 cells, was depressed by 
pulsed field111. However, my results seem quite interesting. The influence of pulsed 
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electromagnetic field on PC12 cells in vitro is strongly dependent on pulse duty. Both low 
(10%) and high duty (DC) has a significant effect on PC12 cell neurite outgrowth. Ten percent 
duty decreases the percentage of neurite-bearing cells but increases the neurite length; on the 
contrary, DC (100% duty) increases the percentage of neurite-bearing cells but decreases the 
length of neurite. In other words, for 10% duty, pulsed electromagnetic field inhibits the neurite 
number but as long as the neurites grew out, such field can render longer neurite outgrowth. 
Although a DC electromagnetic field does not inhibit neurite number, it tends to decrease the 
neurites length. Therefore the influence of 10% duty pulsed field was opposite to that of DC 
field. It is quite possible that pulsed field leads to totally opposite effects compared with DC 
field since the former has instantaneous break that is synchronous with the 50 (or 70) Hz 
repetition period and the latter is always on at a steady level. In other words, these two kinds of 
fields may induce alterations in living systems through different mechanisms: DC EMF 
changes the electron spin state in free radicals while pulsed EMF changes the moving state of 
charges within the cells. However, they share a property that the biological effects increase with 
the increasing field intensity. 
Furthermore, along the direction of pulsed electromagnetic field with 10% pulse duty, the 
directivity and length of neurites are enhanced, while for other pulse duties including DC, no 
enhanced directivity of neurite outgrowth in PC12 cells along the field direction was able to be 
observed. The directed neurite outgrowth induced by EMF was also reported by other 
researchers112, 113, 143, 144. 
To date, the field intensities used in most previous studies98, 99, 102, 103, 110, 111, 127, 145 about 
EMF effects on neurite outgrowth in PC12 cells were less than 0.05 mT (or 0.5 Gauss), 
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although some studies on DRG cells used intensities as high as 4 mT. However, the fields 
produced by environmental EMF sources around human beings are significantly high: generally 
ranging from 10 µT ~ 50 mT, and even higher. Therefore, studies on biological effects of EMF 
with higher intensity levels on neurite outgrowth in PC12 cells are necessary. In my studies on 
PC12 cells, three field intensity levels were applied: 1.37 mT, 0.19 mT and 0.016 mT and it was 
found that field intensity is also an important factor. The influence of both pulsed and DC EMF 
on neurite outgrowth is strongly dependent on the field intensity. For pulsed EMF, fields with 
high (1.37 mT) and medium (0.19 mT) intensities can lead to significant effects on neurite 
outgrowth in PC12 cells, while field with low intensity (0.016 mT) had no such effects. For DC 
EMF, only field with high intensity (1.37 mT) had significant effects on neurite outgrowth; 
fields with medium (0.19 mT) and low intensity (0.016 mT) had no significant effects on 
neurite outgrowth. 
My studies have also confirmed the frequency window for biological effects of pulsed 
EMF. In the range from 1 to 100 Hz, a significant difference between the exposure and the 
control samples was observed at both 50 Hz and 70 Hz; while for 1, 10, 30 and 100 Hz 
frequencies, there was no significant difference between the exposure and the control samples. 
According to resonance model, EMF oscillating at certain frequencies (in ELF range) can 
change the functions of moving charges such as Ca2+ within cell membrane by change their 
vibrating state or moving path. Since most alteration occurred at 50-60 Hz frequencies in ELF 
range, my results are partly consistent with this model because I found that the alterations 
occurred at 50 and 70 Hz frequency, respectively. 
NGF concentration (10-100 ng/ml) has been shown to have significant effect on the 
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neurite outgrowth in PC12 cells118, that is to say, the more NGF, the more neurite outgrowth. So 
far, few experiments were conducted to confirm whether the EMF effects on neurite outgrowth 
in PC12 cells were associated with NGF concentrations. It is evident from my data that the 
influence of pulsed EMF on neurite outgrowth is strongly associated with amount of NGF. My 
experiment data demonstrated that most significant differences (alterations of percentage of 
neurite-bearing cells, neurite length and enhanced neurite directivity) occurred when NGF 
concentration was 30 ng/ml, the reason may be that, in one hand, when NGF concentration was 
10 ng/ml, the amount of neurites was quite small and statistic analysis can not show a 
significant difference between the exposure data and the control data; on the other hand, when 
NGF concentration was as high as 50 ng/ml, the amount of neurites was quite large, as a result, 
the role that electromagnetic field played in neurite outgrowth was overwhelmed by that of 
NGF, therefore, no significant difference could be observed. Only at an optimal concentration 
of NGF, this significant difference will occur. A previous study113 has shown this 
NGF-dependence of EMF effect on neurite outgrowth from DRG cells.  
In summary, my work has shown that biological systems can be very sensitive to extrinsic 
electromagnetic field and this sensitivity is strongly dependent on exposure conditions such as 
wave function (DC and pulse), pulse duty, pulse frequency, field intensity level and NGF 
concentration applied. It should be noted that these effects do not result from electromagnetic 
fields alone, but from the combination of both electromagnetic fields and NGF, since neurite 
outgrowth was absent without NGF induction. The neuronal cell surface has many receptors for 
NGF molecules. Binding of NGF to these receptors causes activation of the receptor tyrosine 
kinase and downstream signaling cascades that contribute to NGF-induced neurite formation in 
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neuronal cells. The downstream signaling pathways of NGF can activate phospholipase C, 
releasing DAG and IP3 which in turn result in the increase of Ca2+ concentration within cell 
membrane. The calcium ions bind to special proteins which are involved in the neurite 
outgrowth. Extrinsic pulsed EMF may act directly on Ca2+ ions, leading to alterations of the 
functions performed by these special proteins, therefore resulting in the alterations of neurite 
outgrowth in neuronal cells. 
4.3 Future work 
    In this project, the effects of pulsed and DC EMF on PC12 cells have been studied and 
some critical exposure variables of EMF such as pulse duty, pulse frequency, fiend intensity 
have been established. However, my work is just a beginning of the whole systematic 
investigation. Although my results have demonstrated that the pulsed EMF with 10% and 100% 
(DC) has a strong influence on PC12 cells neurite outgrowth, the frequencies as well as the 
field intensities used in my research are only within a small range. Research on higher 
frequencies (up to radio and microwave range for pulsed EMF with 10% pulse duty) and higher 
intensities (up to 100 mT for both 10% pulse duty and DC EMF) on neurite outgrowth in PC12 
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